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I. INTRODUCTION
The recent advent of nuclear energy has opened an 
era of almost unlimited power and countless problems. A 
problem of extreme Importance Is the recovery of unburned 
nuclear fuel and the claiming of transmutation products, 
such as Pu239 and U233, from the irradiated fuel elements. 
The chemical processing must also separate the fission 
products from the fissionable material if the fuel is to 
be used again.
At present, the irradiated fuel elements are stored 
for 90 to 120 days to allow the intense short half-life 
activity to decay* After "cooling down", the nuclear 
fuels are separated from the fission products and the 
inert components of the reactor element by solvent ex­
traction. The fuel elements are usually dissolved in 
nitric acid and the resulting solution is fed into the 
midseotlon of an extraction column where it is contacted 
with an immiscible organic solvent. The solvent selec­
tively extracts the uranium and plutonium from the a d d  
aqueous phase. A "salting agent” is added to the top of 
the column, removing the last trace of fission products 
from the organic phase. The aqueous phase is now com­
posed of the fission products and large amounts of inert 
material, such as nitric acid, aluminum nitrate, and the
2dissolved cladding* The aqueous solution must be proc­
essed to remove the valuable radioelements and prepare 
the active waste for disposal in an acceptable manner*
The waste solutions are concentrated, usually by 
evaporation, and stored permanently in underground steel 
tanks. Since the storage facilities are limited, a 
method must be developed for permanent disposal of fission 
products* A very promising method of treating the radio­
active waste is the use of Ion exchange membranes in 
eleotrodlalysls. Electrodialysis units can remove the 
nitric acid from the aqueous waste containing the fission 
products and inert components* Only after the major 
portion of the acid and inert salts have been removed 
from the solution is the fixation of the fission products 
on clay material effective for ultimate disposal*
The purpose of this investigation was to determine 
if radioisotopes could be separated in a pure form by 
eleotrodlalysls* The behavior of the radio colloidal 
nature of selected radioisotopes was also studied* The 
ultimate aim of the investigation was the economic re­
covery of selected radloeleraents In a pur© form* The 
removal of the long half-life radioisotopes also aids in 
the preparation of the waste for ultimate disposal* The 
isotopes studied were ceriura-l4ty, ceslum-137, and zlr- 
oonium-95 in equilibrium with their daughter products, 
praseodymium-lW, barium-137, and niobium-95 respectively*
3-
II. LITERATURE REVIEW
The review of the literature is divided into four 
partsi (1) the occurrence of fission products, (2) the 
need for better methods of ultimate disposal* (3) the 
colloidal nature of some radioisotopes, and (k) the use 
of electrodialysis In atomic energy applications.
Occurrence of Fission Products
The elements resulting from the fission of fission­
able material (U235f Pu2^ }  correspond to over 300
different nuclides with mass numbers from 72 to 161, zinc 
to terbium* amount of each Isotope produced,
however, varies greatly. The yields of the isotopes 
differ from greater than six per cent to less than 10~**
per cent. It can be noted from Figure 1 that the highest
(2k)yields are in the region of mass numbers 95 a&d 139*
Those radioisotopes with the highest yields present the 
most difficulty in processing and disposal because of 
their high radioactivity.
The irradiated fuel elements are chemically proc­
essed to remove the unburned fertile material and the 
transmutation products, Pu239 and u233#(5»15*25) ^ Q
fertile material, such as U2^s and Th2^2, must be re­
moved from the poisonous fission products and the inert
components if It Is to be used again* After removal from 
the reactor, the fuel elements are stored under water for 
90 to 120 days* This allows the short half-life fission 
products to decay and for the Hp239 to decay to Pu2^9# 
After "cooling off", separation is made by solvent ex­
traction* The exact conditions of extraction depend 
upon the type of fuel and cladding used in the fabrication 
of the fuel element*
In most instances, the elements are dissolved in 
nitric acid and the solution introduced into an extrac­
tion column* An organic solvent such as tributyl phos­
phate (TBP) or methyl isobutyl ketone (hexone) selec­
tively extracts the uranium and plutonium from the aqueous 
phase* This process separates them from the fission pro­
ducts and cladding materials* A "salting agent", either 
nitric acid or aluminum nitrate, is added to the top of 
the column to aid in the separation of the two phases*
The salting agent removes the last trace of fission pro­
ducts from the organic phase* The aqueous phase now 
contains more than 99*9 per cent of the total fission 
products, with large amounts of nitric acid, aluminum 
nitrate, and various other salts*
The advent of power reactors made necessary the use 
of zirconium as a cladding m a t e r i a l * Z i r c o n i u m  is 
used because of the higher operating temperature and the 
resultant Increased corrosion* This material requires 
the use of large amounts of hydrofluoric aeid for
-5
dissolution* The aqueous waste resulting from the proc­
essing of uranium-zirconium fuel Is one-half molar with 
zirconium and over three molar In hydrofluoric acid*
The acid solution Is processed to recover the val­
uable radioisotopes or concentrated by evaporation for 
ultimate disposal* After all desired radioisotopes are 
removed, the waste is stored in underground steel tanks* 
The activity of the solution when stored can b© thousands 
of curies per gallon. ^ 22^
The exact conditions for chemical processing are 
described in a number of. publications in addition to 
those already referred to, and there is no need to pro­
ceed in greater detail*(60,61)
Heed for Ultimate Disposal Methods
The radioactivity resulting from the reprocessing of 
irradiated nuclear -fuels may be present in a variety of 
physical states* It may exist as gaseous, solid or 
liquid w a s t e * T h e  radioactivity exists in a gaseous 
state as a result of neutron capture of the coolant as 
it passes through the reactor, i.e., A , or as a fission 
product (Xe and Kr). The solid radioactive materials 
result from highly contaminated equipment or Bcrudw, 
which is undesirable undissolved solids*
The radioactivity in liquids is generally classified 
into one of three groups* low level activity, interme­
diate level activity, and high level activity* The
amount of activity which determines the classification 
is rather arbitrary*^22^
The disposal of activity in the gaseous, solid, and 
low level liquid form has been dealt with In an accept­
able manner* The problem which must be solved if econom­
ical nuclear energy power plants are to become a reality 
is the ultimate disposal of high level liquid waste*
The high level liquid waste is the aqueous acid 
phase from the extraction columns which are used to re­
process the irradiated fuel elements. In general, about 
three to four grams of fission products are produced for 
each megawatt day of electricity generated in a nuclear 
power plant.
A conservative estimate of the activity produced In 
nuclear plants in the United States by the year 2000 is 
1,000,000,000 gallons of high level waste* 22 ^ These 
wastes cannot be released to the environment because of 
the great biological hazard. Unlike conventional waste, 
It cannot be treated in any manner known at this time to 
reduce the activity below the tolerance levels set by the 
governments. The practice has been to store the concen­
trated liquid waste in underground steel tanks. However, 
the growth of the nuclear power industry, involving ever 
increasing volumes of waste, makes this type of storage 
hazardous.
An example of the potential hazard is the storage 
of the aqueous waste from the extraction columns in the
«5**
7reprocessing of uranium-zirconium fuel elements, The
solution cannot be concentrated by heating because of 
unstability at high temperatures. The solution is stored 
in 30,000 gallon type 316 stainless steel underground 
tanks* Even though the solution is maintained at a low 
temperature to minimize corrosion, the life of the tanks 
is limited to five-ten years. No permanent disposal 
method has been developed for fluoride waste solutions.
There are many proposed methods for the permanent 
disposal of high level waste solutions. The system which 
has been studied most Intently Is the fixation of the 
fission products on ion exchange days, metal oxides, or 
other silicate systems, A recent review of the litera­
ture concerning fixation on clays has been done by Dale
Harris,{32)
A serious disadvantage of the disposal of high level 
waste on clay and clay-like material is the high concen­
tration of inert cations {Al*3f n4't etc,) in the waste 
solution* The aluminum ions, and zirconium ions in the 
instances where zirconium is used as a cladding material, 
must be removed from solution before disposal. The pres­
ence of the large concentration of inert electrolytes 
decreases the absorption of the fission products on the 
Ion exchange clays* Another Important disadvantage is that 
the multivalent ions are adsorbed in preference to the 
monovalent and divalent fission p r o d u c t s * T h e  inert 
cations have been reported to reduce the column* s
““3'
effective capacity for the fission products by ninety 
per cent.(I®) When calcined columns, which have been 
"loaded" with Inert salts, are leached with water, a 
very large fraction of the alkali metal and alkaline 
earth fission products (Cs, Sr) are leached from the 
solid material. Behavior of this nature is not accept­
able for ultimate disposal, since ground water would 
leach the long half-life radioactive Isotopes, oeslum-137 
and strontlum-90, from the fired clay. It has been 
calculated^2^  that the quantitative removal of cesium-137 
and strontium-90 would account for a decrease of activity 
by a factor of 1000 times and a decrease of toxicity by a 
factor of 25,000 times. This condition is illustrated by 
Figure 2.
The adsorption of fission products by ion-exchang© 
clays in the absence of excessive bulk electrolytes pro­
duces a solid from which very little radioactivity can be 
leached*(23*33) in 0onie instances it Is desired that the 
cesium-137 and strontium-90 be leached from the calcined 
clay or metal oxide*t1**8 ) These two long-life radio­
isotopes have created much interest because of their 
characteristic radiation*
Strontium-90 is a pure beta emitter, making it a 
standard source* Since no gamma radiation is present* 
strong beta sources can be used without requiring heavy 
shielding*
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Perhaps the most potentially valuable of all fission 
products is cesium-137* It also is a pure beta emitter, 
but its daughter product, barium-137, produces strong 
gamma radiation* It is expected that cesium-137 will 
replace cobalt- 60 in many applications requiring gamma 
Irradiation# Since cobalt-60 Is prepared by expensive 
prolonged Irradiation In a reactor, the utilization of 
cesium-137 would release valuable reactor space# The cost 
of a cesium source is expected to be a fraction of the 
cost for an irradiated cobalt source*
The Colloidal Nature of Some Radioisotopes
It has been known for many years that some radio­
active isotopes behave in a manner resembling colloids. 
Recently It has been discovered that some of the radio­
isotopes produced by fission also possess a colloidal 
nature# To date, nineteen elements have displayed a 
colloidal behavior under selected conditions#
These particles of colloidal dimensions, composed of 
radioactive material, are commonly called "radiocolloids". 
The definition of radiocolloids varies considerably* 
Kurbatov^0 ^ refers to them as any radioactive material
i ' ■ ' : i *■ 1 ; • «' ' ' ■* f- ' * ; 1 ’■which can be removed by filtration from very dilute 
solutions, those of the order of 10 7 molar or less. 
Schubert^^^ defines radiocolloids with the more general
definition, * radiotracers which are present In minute 
concentrations and exhibit colloidal behavior”*
The first discovery of radiocolloidal behavior was 
reported by Paneth^8) ^9^2* Ke observed that when
a solution containing very email amounts of radium D 
{Pb2iQ), radium E (Bi210), and radium F (Po2i0) were 
dialyzed, the lead passed through the parchment or animal 
membrane, but the bismuth and polonium did not dialyze* 
Further investigations, using techniques such as elec­
trophoresis and diffusion coefficient measurements, 
indicated that bismuth and polonium appeared to be 
colloidal in neutral, ammoniacal or weak acid solutions* 
The radioactive lead was ionic in acid solutions but 
colloidal in ammonia solutions*
Some of the experimental observations which exem­
plify radiocolloidal b e h a v i o r a r e i  (1) diminished 
diffusion velocity, (2) stratification in the presence 
or absence of centrifugation, C 3) coagulation or pep­
tization by electrolytes, {k) anomalous adsorption by ion 
exchangers, (5) adsorption, generally irreversible upon 
finely divided matter or upon the walls of containing 
vessels, (6) incomplete exchange or lack of equivalence 
between radioactive and nonradioaotive isotopes of the 
same element, (?) Inability to dialyze through membranes 
permeable to Ions in general, and (6) a discontinuous 




The following methods have been used to detect 
radiocolloidsa (1) dialysis, (2) filtration or ultra- 
filtration, (3) determination of diffusion coefficient,
£  " . V . J . , , ' . . , ............  ..  •
W  electrophoresis, (5) sedimentation and centrifu­
gation, (6) radioautographs, (?) adsorption, and (8) iso­
topic exchange* A review of the detection methods was made 
by Schweitzer and Jackson*
Factors affecting the formation of radiocolloids*
Since the first discovery of radiocolloidal nature in 1912, 
there has been much disagreement as to the cause of the 
phenomenon. Immediately after Paneth1 s discovery of radio­
colloids, two schools of thought developed as to the 
origin and nature of the formation* Some like Paneth 
believed them to be true colloids, while others thought 
them to be activity adsorbed upon solid impurities in 
the solution* Ho adequate, or at least acceptable, expla­
nation of radiocolloid formation exists today* Paneth* s 
belief that the radiocolloids were true colloids caused a 
dilemma, because according to the laws of chemical equi­
librium, the formation of a colloid required that the 
solubility product constant of the insoluble compound 
must be exceeded* It was known that the solubility pro- 
duot <Ksp) of Pb(OH)g Is about 1.2 x 1CT10 at room temper- 
ature* In a dilute ammonium hydroxide solution with a 
hydroxide concentration of 1 x 10~3 molar, the minimum 
lead concentration would have to be 1 x molar to 
exceed the solubility product* Paneth found that ThB
-12-
(a lead Isotope) behaved as a colloid at a concentration 
of 1 x molar in this ammonia solution*
The phenomenon of radiocolloid formation could have 
been discovered only by radiochemical methods because of 
the low concentrations which must be detected. ^ *9) It 
is believed that concentrations of the order of 10“ 12 to
•ml ll10 molar must be detected, while radiation detection 
methods can easily measure concentrations of ICT20
molar.(9)
The other investigators who did not share Panethfs 
belief that radiocolloids were true colloids were con­
vinced that the concentration of many carrier-free radio­
isotopes was too low to permit the formation of an inde­
pendent colloidal phase. Their view was that "the radio­
active ions were adsorbed upon solid impurities acciden­
tally present in the solutions, thereby imitating a 
colloidal character and form in the so-called radio- 
colloids".* 29>
The review by Schweitzer and Jackson^^ presents 
the merits of both concepts3 the true colloid theory and 
the impurity theory* The dilemma persists to this day, 
although recent Investigations have provided an explana­
tion which may be acceptable to both theories* These 
results will be discussed later*
Some factors which are known to Influence the forma­
tion of radiocolloids are solubility of radioactive
-13-
tracers, presence of foreign particles, electrolytes, 
solvents, ionizing radiation, time, and concentration of 
radioisotopes*1^5,11)
Solubility of Radioactive Tracers, The tendency of 
a tracer to hydrolyze in a solution or form an insoluble 
compound with some component of the solution favors radio­
colloid formation. The presence of any substance which 
will form a soluble complex will hinder the formation of
radiocolloids,^ ^
( 63)Schubert' has described the conditions for radio- 
colloidal formation as such} "the principle condition 
under which a radioelement present in solution is likely 
to become a radiocolloid is through a reduction of the 
solubility to such a point that if the radioelement was 
present in macroscopic concentration, precipitation would 
be observed. The requisite reduction in solubility can be 
effected by a variety of methods, but most frequently by 
adding a precipitating anion or cation, or, in the case of 
radiotracers whose hydroxides are insoluble, by raising 
the pH".
It has been noted by many investigators that those
radioisotopes which form insoluble hydrous oxides or
hydroxides in macro concentrations often form radiocolloids.
In some cases, larger concentrations of the non-radioactive
( 52)substance yield colloidal systems. Mayer and Morton'^ 
describe stable colloidal solutions of zirconyl radiophos­
phate .
—14*
The basic premise that radiocolloids form at con­
centrations much lower than their solubility products has 
been questioned by some i n v e s t i g a t o r s . ^  These inves­
tigators believe the solubility products of the heavy ! 
metal salts have not been determined with enough accuracy 
to prove the formation of radiocolloids below their 
solubility products. Haissinsky, in 1934, had redeter­
mined the solubility products of insoluble hydroxides and
sulfides and reported the following observation concerning
[ o }radiocolloids;v * "One is...dealing with polydispersed 
systems containing both simple and complex ions, and 
colloidal micelles of various dimensions in a slow state of 
evolution. The ordinary principles of solubility and solu­
bility products are not applicable".
Presence of Foreign Particles. The investigators who 
believed that radiocolloids were not true colloids, but 
merely activity adsorbed on solid impurities, performed 
many experiments to prove their theory. W e m e r ^ ^ * ^ ^  tested 
for the existence of radiocolloidal lead and bismuth in water 
which had been filtered and purified. He found less activity 
in these solutions than in corresponding solutions of doubly 
distilled water. The activity present in filtered water 
is attributed to foreign particles not removed by purifi­
cation. Other investigators^^ have found the action of 
impurities to be negligible on the amount of radiocolloid 
present.
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Experiments by Schweitzer and Jackson^2 ^ were con­
ducted to test the assumption that the primary factor in 
radiocolloid formation is an adsorption phenomenon. If 
adsorption is of primary importance, it should be possible 
to adsorb soluble anions in low concentration upon posi­
tively charged impurities in acid solutions. Also, cations 
which do not form insoluble hydroxides should show radio­
colloid behavior in presence of impurities. The radioisotopes 
calcium-45> sodium-22, cesium-134# sulfur-35 as sulfate, 
iodine-131, and phosphorus-32 as phosphate were used in the 
experiment. The failure of soluble cations or anions to 
show definite radiocolloidal properties indicates that 
adsorption of ions upon impurities is not the primary 
factor in radiocolloidal formations. This view is shared 
by Broda,^^ who states that impurities facilitate radio­
colloidal formation, but are not necessary for their pres­
ence.
The more recent explanation of the role of adsorption 
in radiocolloidal formation has been presented by Alimarin 
and Rudnev.^ The Russian investigators claim that research 
in 1957 showed the presence of two groups of particles; one 
with sizes of the order of some tens of microns, and the 
other about one micromicron. On the basis of this data, it 
was suggested that the coarsely dispersed particles are 
radioactive elements adsorbed on impurities, while the 
finely dispersed particles are true radiocolloids. It was
-16-
found that the radiocolloid did not go through a membrane, 
while the larger particles passed through slowly.
Effects of Electrolytes on Radiocolloidal Formation. 
Soon after the discovery of radi o c o l l o i d s ^ i t  was noted 
that the addition of highly charged cations or acids changed 
the direction of migration of polonium and bismuth radio­
isotopes. Similarly, the addition of a strong base caused 
a change of migration in the opposite direction. This 
adsorption of highly charged ions, with the resultant acqui­
sition of a net charge, is a typical colloid behavior.
The effects of the presence of various electrolytes 
on the radiocolloidal formation of zirconium,(67»69) 
niobium, polonium, 153#77) anc} yttrium^ have been
studied. Investigators^*^ have determined the effect of 
HC1, HNO^, NaOH, and NH^OH on radiocolloids of polonium.
The curves of electrolyte concentration versus per cent of 
polonium centrifuged for each of these electrolytes have
the same shape, that of a probability curve. The concen-
-7trations investigated were from 10 ' normal to 10 normal.
Similar curves were reported by Werner when he studied the
effect of HG1, HHO^, NaCl and H2SG^ on the radiocolloids of
b i s m u t h . C o r r e s p o n d i n g  experiments by Werner, using an
212ionic radioactive tracer (Pb ), produced distinctly dif­
ferent results. In this case no maxima was observed.
Other investigators^*^ studied the effect of AgNO^, 
NaNOy Ba(N0^)2, TINO^, Pb(N0^)2# and Na2SQ^ solutions
17-
on the amount of polonium centrifuged from the solution,
A plot of electrolyte concentration versus amount of 
polonium centrifuged again produced the characteristic 
probability curve. No explanation was given by the 
authors for th© unusual behavior of radiocolloids in 
varying electrolyte solutions.
Schubert and C o n n ^ ^  found that the addition of HNO^ 
or H^SO^ increased the dialysis of zirconium and niobium.
The effect of NaNQ^ and Na^SO^ solution wa3 considered to 
be negligible. The investigators also found that F~,
C204« # P04«, and H+ increased the dialysis of zirconium and 
niobium, but F~ and C^O^  decreased the dialysis of lanthanum.
These results were qualitatively correct since fluorides 
and oxalates are known complexing agents of zirconium and 
niobium. The insoluble nature of rare earth elements in 
fluoride and oxalate solutions would suggest the possible 
formation of rare earth radiocolloids. The amount of 
lanthanum present in solution was undetectable by spec- 
trographic analysis and was well below the amount required 
to exceed the apparent solubility product of the fluoride 
or oxalate salts.
An unusual phenomenon which has been reported by 
various investigators'(62,69) is increase in adsorption 
on solids of the radiocolloids of zirconium, niobium and 
thorium with an increase of electrolyte concentration. This 
behavior is contradictory to that expected by the mass-action
-13-
law and observed with ionic species. This condition 
occurred when using either ion exchange resins or paper 
as the adsorbing medium. Schubert and Richter^^ ex­
plained the electrolyte’s action as that of a coagulating 
agent with the ion exchange resin adsorbing the radio­
colloid because of its large surface area.
Contradictory results have been experienced by Schweitzer 
and his fellow workers in their e x p e r i m e n t s . ^ h e y  
found that the addition of non-complexing salts to radio­
colloids of lanthanum, yttrium and beryllium decreased the 
amount of activity retained on fritted glass filters at 
constant pH.
The adsorption of bismuth radiocolloids on activated 
charcoal was found to be decreased by an increase in elec­
trolyte strength.^ The difference in effect of non- 
complexing electrolytes on the colloids of lanthanum and 
yttrium, as compared to thorium, zirconium, and niobium is 
not explained. Schubert and Richter also reported that of 
all of the fission products, only zirconium and niobium 
exhibited this type of behavior in one molar hydrochloric 
acid.
Effect of Solvents on Radiocolloids. The conditions 
necessary for radioisotopes to form radiocolloids are 
effected by the solvent system. In fact, some experiments 
have indicated that the solvent may be a fundamental 
condition for radiocolloidal formation*
-19-
Investigations^^ of the aggregate formation in 
tubes in which were sealed radon and various gases were 
conducted. The results indicated that radiocolloids were 
formed from the decay products of radon when the gases 
were polar. Mo radiocolloids were detected when nonpolar 
gases were present. Aggregates (radiocolloids) were formed 
in moist air, hydrogen chloride, and chloroform, but were 
not present in dry air or carbon tetrachloride. These and 
other experiments indicated that the extent of aggregate 
formation was a function of the dipole moment of the polar 
gases.
This work provided convincing evidence for the theory 
that nuclei, and not foreign impurities, are needed to 
induce radiocolloidal formation. The explanation for the 
results was that the ions and recoil atoms present in the 
mixture as a result of ionizing radiation or radioactive 
disintegration tend to remain together upon collision, 
particularly if the particle would normally exist as a solid. 
Polar molecules would be expected to be present in the group 
that forms because of the tendency of such molecules to be 
adsorbed on solids. A group so formed will continue to 
grow by further adsorption of polar molecules, recoil atoms, 
or ions. Because of the small number of recoil atoms 
present compared to the number of the solvent, it would 
appear that polar molecules favor and may be essential for 
the formation of aeroradiocolloids. The number of aggregates
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formed is proportional to the number of radioactive atoms 
present and the concentration of polar molecules#
The explanation for the formation of radiocolloids 
in liquids is analogous to that given for their formation 
in gases# Presumably, a polar solvent aids or may be 
necessary for the formation of radiocolloids in liquids. 
Experiments reported by Hahn^2^  and Bouissieres^*^ tend 
to validate the above assumption# Hahn reports that carrier 
free lead and bismuth tracers do not form radiocolloids in 
dioxane or acetone, but do in methyl alcohol, ethyl alcohol, 
ether, benzene, and water. Bouissieres found that polonium 
does not form radiocolloids in acetone or alcohols#
Recent experiments^^ have been conducted using radio- 
colloidal silver to test the assumption that polar liquids 
are necessary for radiocolloidal formation. The theory was 
borne out when it was found that non-aqueous solvents de­
creased the formation of radiocolloidal silver in a linear 
relationship. The lower the dipole moment that the solvent 
possessed, the greater the repressing effect on radio-
/ 7Q \colloidal formation# Similar results''7' were found when
radiocolloidal beryllium was used.
The Effect of Time on Radiocolloids. The age of a
radiocolloidal solution has a large affect on the amount
of activity that can be removed by physical means, such as
filtering, centrifuging, etc. In general the older a
(77)solution, the more activity that can be removed# How­
ever, in many cases, after standing for only three to five
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minutes, the amount removable reaches a maximum value 
which is constant# ^ These results are similar for
the radiocolloidal behavior of silver, beryllium, thorium, 
and zirconium# When the activity removable becomes inde­
pendent of time, there is little effect caused by the
(73 \addition of non-complexing electrolytes#'' '
Effect of Concentration of Radioisotope# The effect 
of the increased radioisotope concentration on radio- 
colloidal formation has been studied for polonium.(53»77)
In acid solution, the per cent of polonium centrifuged 
from solution decreased as the polonium concentration in­
creased# However, in weak acid and neutral solutions, 
results show at first a decrease in activity removed fol­
lowed by an increase as the polonium concentration increased.
Morrow, et al., found that at a constant acid concen­
tration, an increase in polonium activity caused a large 
increase in the amount of activity removable by filtration. 
The authors explained the effect of polonium concentration 
in the following manner; the increase of polonium concen­
tration decreases the time necessary for colloid formation 
and favors the increase in size and number of the aggre­
gates formed.
Schweitzer and B i s h o p ^ r e p o r t  that as the amount 
of tracer gold increases, the percentage removable by 
adsorption decreases. In addition to the contradictory 
results, some investigators have found no relationship be­
tween the concentration of radioisotope and the fraction
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existing as a radiocolloid. It is difficult to infer 
which of the results are more correct since minute details 
can greatly affect radiocolloidal behavior and these de­
tails may be lacking from the literature.
Effect of Radiation on Radiocolloids. Recent inves­
tigations have substantiated the generalization that ionizing 
radiation coagulates or diminishes the stability of posi­
tively charged colloids, but has little or no effect on 
negative colloids.
/ 55)Gamma radiation' from cobalt-60 sources have been 
used to induce coagulation of positive solutions of colloi­
dal silver iodide. The same radiation increased the 
stability of negatively charged silver iodide, silver and 
gold colloids.
The effect of gamma rays and neutrons on colloids of 
copper, gold, and silver produced similar results. The
effects were attributed to the formation of free hydroxyl 
radicals and their subsequent reaction with the charged 
particles.
Use of Electrodialysis in Atomic Energy Applications
The introduction of the first commercial synthetic ion- 
exchange membranes in 1952 caused much interest. Since that 
time, the membranes have been used for many purposes. Elec­
trodialysis using ion-exchange membranes has been used to 
recover sulfuric acid from iron and nickel plating solutions,
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to separate ionic material from sugar solutions, to produce 
caustic solutions from alkali salts, to remove salt from 
glycerin and gelatin, to recover acids from pickling solu­
tions, to prepare heat or acid sensitive organic compounds, 
and to recover potable water from saline or brackish water# 
Many investigations of electrodialysis have been conducted 
on applications related to the atomic energy field.
Ion Exchange Membranes# Ion exchange membranes 
are also called ion transfer membranes, electric membranes, 
cation (anion) permeable membranes, and permselective mem­
branes. The term ion exchange refers to the composition of 
the membraneTs resin, since in electrodialysis there is no 
actual exchange of ion3 between the membrane and the bulk 
solution. The membrane may be of two general types, de­
pending upon the manner of preparation, either homogeneous 
or hetergeneous#
The more industrial useful of the two types is the 
heterogeneous membranes because of their greater mechani­
cal strength. These membranes consist of finely divided 
granular resins held together by an inert plastic binder 
on a flexible, insoluble matrix, such as polyethylene or 
glass cloth. The ion exchange resins imbedded in the inert 
binder makes a cation membrane permeable only to cations 
and anion membranes permeable to anions.
Theory of Permselective Mechanism. An ideal permse­
lective m e m b r a n e 1^  is a membrane which, when subjected
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bo a potential gradient, permits passage of cations to the 
exclusion of anions and vice versa, depending on the mem­
brane employed. The theories for the mechanism of permse­
lective membranes.are the same as those proposed for ion 
exchange resins. The three most accepted theories are the 
crystal lattice, double layer, and Donnan membrane theory.
The Donnan membrane theory describes the mechanism by stating 
that the product of the ion concentrations on both sides of 
the membrane^ interface must be the same.
The permselective membrane is composed of easily dis­
sociated ions loosely bound to the fixed groups of opposite 
charge in the membrane network. If the fixed groups are 
anionic, the mobile ions, or counterions, will be cations, 
and the membrane will be preferentially selective to cations. 
Donnanfs theory requires that ions of the same sign as that 
borne by the fixed groups in the network be largely excluded 
from the membrane.
Electrodialysis in the Atomic Energy Field. The term 
electrodialysis as used in most applications, refers to a 
direct current potential applied across an arrangement of 
permselective membranes. Some applications require only 
one membrane, while others utilize many.
There are basically three types of cell configurations 
which use permselective membranes: the two compartment, 
three compartment, and the multi-compartment units. The 
two compartment unit is for oxidation-reduction and acid- 
base reactions. The membrane limits the mixing and migration
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of species in the individual compartments. The two com­
partment unit is also used for deacidification processes.
The three-compartra8nt unit is used when the feed solution 
must be isolated from the anode and cathode compartments.
Any type of reaction common to electrodialysis can be 
carried out in the three compartment apparatus. The multi­
compartment equipment is used for concentrating or diluting 
solutions and for ionic fractionations. The design of 
electrodialysis units has been reviewed by Mason and 
Kirkham^^ and Winger^0) et al.
Permselective m e m b r a n e s ^ a r e  used because they 
exhibit the following properties: (1 ) high selectivity to 
the electrical transfer of cations or anions respectively,
(2) high electrical conductivity, and (3) low permeability 
to the passage of water. Because of these properties, the 
membranes have attracted widespread attention in the nuclear 
industry. Potential applications in aqueous electrochemical 
processing ranging from extraction, refining, fuel reproc­
essing, and waste disposal have been developed. Applications 
investigated by M a s o n , w n i a r d , ^ ^  P a r s i , ^ ^ * ^  
include: (1 ) deacidification, (2) electrolytic reduction
of uranium VI to uranium IV, (3) conversion of salts to 
acids and bases, (4) separation of ions of like charge, 
and (5) concentration or dilution of electrolyte solutions. 
Ion exchange membranes and resins have been used together 
to concentrate radioactive w a s t e . A n y  portion of the
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following review which is not directly cited can be found 
in the publications by Parsi,^) and Mason and Farsi.
Deacidification. The most investigated application 
of electrodialysis in the atomic energy field is the deacid­
ification of nitric acid wastes. The recovery of nitric 
acid from the processing solution is of utmost economical 
concern.
The high level radioactive v/aste solutions resulting 
from the processing of nuclear fuels by the Purex or Redox 
methods contain large amounts of nitric acid and/or alumi­
num nitrate. These substances are used as the ”salting 
agent” in the separation of the organic and aqueous phases 
in the extraction columns. It is very useful to remove 
these inert materials, both from an economic standpoint 
and as an aid in subsequent waste disposal. The presence 
of bulk electrolytes decreases the sorption of the fission 
products on clay. Removing the acid from the solution is 
accomplished by an anion membrane in a two compartment 
electrodialysis cell. The acid solution containing the 
fission products is fed into the cathode compartment.
Nitrate ions are transferred from the cathode compartment 
into the anolyte, which is composed of water or dilute 
nitric acid. The hydrogen ions, formed at the anode, com­
bine to form nitric acid free from cationic fission products. 
In acid solutions containing aluminum nitrate, the removal 
of the nitrate ions causes the acid deficient aluminum to
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precipitate as hydrous aluminum oxide, This preci­
pitate acts as a scavenger for many fission products: 
zirconium, niobium, cerium and other rare earth elements.
The hydrous aluminum oxide was removed from the cell and 
fired at 900° 0 to fix the fission products onto the clay. 
Results of the experimental work' ^ 7 indicate that very 
little activity can be leached from the solid material 
produced in this manner.
This process can be of a greater economic value if
the permselective membranes are stable in the presence of
the high activities encountered. Anion membranes exposed 
ato 3 x 10 roentgens of beta and gamma radiation lost some 
selective capacity but no mechanical strength. It was cal­
culated that anion membranes could be used for four months
treating waste containing 400 curies per gallon. ^ ^ 7
vt TVElectrolytic Reduction of Uv to Ux . The Sxcer 
p r o c e s s , d e v e l o p e d  at the Oak Ridge National Laboratory, 
is a method for making high purity uranium tetrafluoride*
The uranium used as feed is from the ore leach liquors, 
ore concentrates, or from the uranium present after solvent 
extraction of irradiated fuel elements.
A two-compartment cell containing a cation exchange 
membrane is*used for the reduction of uranium. The ura­
nium VI is reduced to uranium IV at the cathode. The membrane 
isolates the reduced species from the oxidizing conditions 
present at the anode. If fluoride ions are present in the
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eatholyte, the uranium will precipitate as danse ui'anium 
tetrafluoride (green salt). Sulphuric acid is used as 
an electrolyte in the anode compartment.
Conversion of Salts to Acids and Bases. The con­
version of salts to acids and bases can be accomplished 
with electrodialysis. This type of process is commonly 
called ffsalt-splitting”* The salt solution is fed to the 
center cell ox a three compartment electrodialysis unit.
The cations migrate through a cation exchange membrane into 
the cathode compartment. The hydroxyl ions present in the 
cathode, resulting from the electrolysis of water, combine 
with the cations to form the base. An analogous situation 
occurs in the anode compartment to produce the complimentary 
acid. The permselective membranes result in economically 
pure products.
Separation of Ions of Like Charge. Ions with a like 
charge can be separated by use of the ionic fractionation 
still. The ionic still consists of a series of cation 
exchange membranes placed in an electric field, if cations 
are to be separated* If anions are to be separated, the 
membranes would be anion permselective. The separation is 
possible because of the differences in the ions1 mobil­
ities. Any degree of separation desired can be obtained 
by refluxing the solution countercurrent to the electrical 
flow.
-29-
The potential application is the separation of radio­
active isotopes, however, the only experiments conducted 
to date were with the alkali metals. The relative mobil­
ities of the ions through cation exchange membranes de­
creases in the following order: H+>Kb*>K+>Na+>Li+ . Experi­
mental results showed that a sodium and lithium salt solution 
that had a sodium mole fraction of 0,011 was concentrated 
to a mole fraction of Q.99&7 using twenty cation membranes.
Concentration or Dilution of Electrolytes. The recov­
ery of hydrofluoric acid is of interest in nuclear chemical 
processing because of its extensive uses. Dilute hydro­
fluoric acid solutions are pumped to alternate cells of a 
multi-compartment unit containing alternating cation and 
anion membranes. The dilute solution of 1,6 molar was 
concentrated to 7-10 molar. The limit of concentration using 
a feed of 1.6 molar hydrofluoric acid Is 10 molar, however, 
solutions at 19 to 20 molar have been concentrated to 24 mo­
lar. This electrodialysis step can be used to by-pass the 
hydrofluoric acid azeotrope at 20.6 molar. The recovery of 





The purpose of this investigation was to determine 
the extent of separation of radioisotopes by electro­
dialysis. The radioisotopes studied were those present 
in mixtures of fission products. The radiocolloidal 
nature of some fission products was studied. The colloidal 
behavior of some of the radioisotopes suggested a method 
of separation.
Plan of Experimentation
The investigation was to determine the effect of 
electrodialysis on the migration of selected fission pro­
ducts. Cesium-137> zirconium-95» and cerium-144 were the 
fission products selected for preliminary investigation. 
These radioisotopes, with their daughter products, are 
representative of the most abundant and troublesome 
fission products in waste solutions.
The effect of the concentration of the acid media was 
to be determined. The acid mediums selected for investi­
gation were nitric acid and hydrofluoric acid. These acids 
were chosen because the fission product waste solutions 
are composed of either of these two acids.
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Materials
The materials used in this investigation, their speci­
fications, the manufacturer or supplier, and their uses 
are listed.
Ammonium Hydroxide. USP Aqua Ammonia 26° Baume. 
Manufactured and distributed by £. I. DuPont De Nemours 
and Co., Inc., Wilmington, Delaware. Used to prepare basic 
solutions.
Ammonium Oxalate. Analytical reagent, meets ACS spe­
cifications. Manufactured by Mallinckrodt Chemical Works, 
St. Louis, Missouri. Used to standardize the cerium 
carrier solution.
Barium Nitrate. CP, analyzed, lot No. 91719• Manu­
factured by J. T. Baker Chemical Company, Phillipsburg,
New Jersey. Used to prepare the barium carrier solution.
Boric Acid. Analytical reagent, meets ACS specifi­
cations. Manufactured by Mallinckrodt Chemical Works,
St. Louis, Missouri. Used to process the radioactive 
carrier solutions.
Ceric Ammonium Sulfate. Reagent grade. Manufactured 
by G. Frederick Smith Chemical Company, Columbus, Ohio.
Used to prepare the standard cerium carrier solution.
Cesium Nitrate. Purified, lot No. 7#Q079* Purchased 
from Fisher Scientific Company, New York, N. I. Used to 
prepare the standard cesium carrier solution.
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Hydrochloric Acid, CP, meets ACS specifications, 
lot No. D509032, assay 37.0-38.0$ HC1. Specific grav­
ity 1#19* Manufactured by General Chemical Division, 
Allied Chemical and Dye Corp., New fork, N. Y. Used in 
processing the radioisotope carrier solutions.
Hydrofluoric Acid. Analysed reagent, meets ACS 
specifications, lot No. 20061, assay 49*3$ HF. Manu­
factured by J# T# Baker Chemical Co., Phillipsburg, New 
Jersey. Used to prepare aqueous solutions and process 
radio-zirconium carrier solutions.
Hydrogen Peroxide. Reagent grade, lot No. 783924, 
assay minimum 29$ 2^^ 2* Stabilized with sodium stannate. 
Purchased from Fisher Scientific Company, New York, N. Y. 
Used to process the radiocerium carrier solutions.
Iodic Acid. Analytical reagent, HIO^. Obtained 
from Mallinckrodt Chemical Works, St# Louis, Missouri#
Used in the processing of carrier solutions.
Isotope (Cerium and Praseodymium-144). Carrier free 
as cerium nitrate in 8.5 normal nitric acid, concentra­
tion: 16#3£10$ mc/ml* Obtained February 5» 1959* from 
Oak Ridge National Laboratory, Oak Ridge, Tennessee. Used 
to prepare solutions of the radionuclides.
Isotope (Cesium and Barium-137). Carrier free as 
CsCl in 0*96$ normal hydrochloric acid, concentration: 
6.94*10$ mc/ml, radiochemical purity greater than 99$* 
Obtained February 6, 195$, from the Oak Ridge National
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Laboratory, Oak Ridge, Tennessee. Used to prepare solu­
tions of the radionuclides.
Isotope (Zirconium and Niobium-95). Carrier free 
as the oxalate in 0,30 normal oxalic acid. Zirconium 
concentration: 7.30*5% mc/ml, niobium concentra­
tion: 9.32 mc/ml. Obtained February 5, 1959* from the 
Oak Ridge National Laboratory, Oak Ridge, Tennessee. Used 
to prepare solutions of the radionuclides.
Isotope (Zirconium and Niobium-95). Carrier free as 
the oxalate in 0*36 normal oxalic acid. Zirconium concen­
tration: 6*71*5% mc/ml, niobium concentration: 11.40 mc/ml. 
Obtained March 3# I960, from the Oak Ridge National Labor­
atory, Oak Ridge, Tennessee. Used to prepare solutions 
of the radionuclides.
Lanthanum Nitrate* Obtained from A. D. Mackay,
New York, N. Y* Used to prepare the carrier solution*
Mandellc Acid. Manufacturer unknown* Obtained from 
the Organic Stockroom, Chemical Engineering Department, 
Missouri School of Mines and Metallurgy, Rolla* Missouri. 
Used to standardize the zirconium carrier solution.
Membrane * Cellophane * "Visking”* seamless cellulose 
tubing* size "C", No* S-25275-C* Purchased from S. H.
Sargent and Co., Chicago, Illinois* Manufactured by 
Visking Corporation, Chicago* Illinois* Used as electro- 
dialyzing membrane*
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Membrane, Permselective, Cation and anion permeable 
membranes, Nalfilm 1 and Nalfilm 2. Thickness, 3,5 to 4 
mils. Estimated pore size, 10-30 angstroms. Permselec­
tivity, 95-96 per cent. Nalfilm 1 contains sulfonic acid 
groups in hydrogen form, Nalfilm 2 contains quanternary 
ammonium groups in the chloride form* The membranes are 
stable in non-oxidising acids to 120° F; limited stability 
in strong bases. Manufactured by Nalco Chemical Company, 
Chicago, Illinois. Used as olectrodialyzing membrane.
Membrane, Permselective. Cation exchange mem­
brane 3142, anion exchange membrane 314$» Membranes are 
eight mils thick; wet bursting strength, ca 200 psi. 
Excellent acid resistance, limited mechanical stability 
in strong bases. Transport number in 0.15 normal sodium 
chloride: cation 0.995* anion 0,962. Manufactured by 
the Permutit Company, New York, N. Y, Used as electro- 
dialyzing membrane.
Nitric Acid. CP, meets ACS specifications, lot 
No. D5051H, assay 10% m Q y  Specific gravity 1.42. 
Manufactured and distributed by J. T. Baker Chemical 
Company, Phillipsburg, New Jersey. Used to prepare aqueous 
solutions.
Oxalic Acid. Analytical reagent. Meets ACS speci­
fications, Manufactured by Mallinckrodt Chemical Works,
St, Loui3, Missouri. Used as primary standard and as 
complexing agent for zirconium.
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Phenolphthalein. Reagent, meets AGS specifications, 
lot No* 42753* Manufactured by Merck and Company, Rahway, 
New Jersey. An equal water and alcohol solution used as 
indicator.
Sodium Bromate. Reagent grade, lot No. 40356, assay 
minimum 99*7$ NaBrO^. Manufactured by Merck and Company, 
Rahway, New Jersey. Used in processing radioisotope 
carrier solutions.
Sodium Hydroxide. Reagent grade, lot No. N343C, meets 
ACS specifications, minimum assay 97.0$ NaOH. Manufactured 
by General Chemical Division, Allied Chemical and Dye 
Corp., New York, N. Y. Used to prepare standard basic 
solutions.
Sodium Tetraphenvlboron. Obtained from J. T* Baker 
Chemical Company, Phillipsburg, New Jersey. Used as preci­
pitating agent for cesium carrier*
Sulfuric Acid. CP, lot No. D407092, meets ACS speci­
fications, assay 95*5-96.5% H2SCV  Specific gravity 1.34* 
Manufactured by General Chemical Division, Allied Chemical 
and Dye Corp., New York, N. Y. Used in the processing of 
radioisotope carrier solutions.
Uranium Nitrate. CP, Analyzed reagent, U02(N0^)2«6H20. 
Manufactured by J. T. Baker Chemical Company, Phillipsburg, 
New Jersey* Used to prepare aqueous solutions of uranium 
salts*
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Watery Distilled, Obtained from Chemical Engineering 
Department, Missouri School of Mines and Metallurgy, Rolla, 
Missouri* Used to prepare aqueous solutions,
Zirconyl Chloride* Basic, purified, lot No. 762666* 
Obtained from Fisher Scientific Company, New York, N. Y*
Used to prepare zirconium solutions,
Zirconyl Nitrate. Purified, lot No, 732716. Obtained 
from Fisher Scientific Company, New York, N. Y. Used to 
prepare the standard carrier solution.
Apparatus
The apparatus used in this investigation, the speci­
fications for use, the manufacturer or supplier, and the 
use of the apparatus are given.
Ammeter, DC. Model 230, No, 140933, 0-10 amp. MSM 
Property No. 13744* Manufactured by Weston Electric Instru­
ment Corporation, Newark, New Jersey, Used to measure 
current during electrodialysis.
Balance. Analytical, Type LCB, No* 31447» MSM Pro­
perty No. 13191i weighing 0 to 100 grams, to nearest 0.1 rag. 
Manufactured by William Ainsworth and Sons, Inc., Denver, 
Colorado. Used to weigh compounds for standard solutions 
and samples for gravimetric analysis of carriers.
Centrifuge* Clinical, Model CL, No. 50204H, 113 volts, 
1 amp. Manufactured by International Equipment Company,
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Boston, Mass, Used to centrifuge carrier precipitations 
from aqueous solutions*
Counter, Geiger-Muller tube, type 100NB, No, 31414,
O
3*5 rag/cm , mica end window. Obtained from NRD Instru- 
meat Company, St* Louis, Missouri. Used to measure acti­
vity of radioisotopes.
Counter. Geiger-Muller tube, Model 10103, No. 307,
o
2*0 rag/cm mica end window. Manufactured by Radiation 
Counter Laboratories Inc., Skokie, Illinois. Used to 
measure activity of radioisotopes.
Counter. Well scintillation, MSM Property No. 21643, 
Model CS-600, Tube No, 2-7-625* Nal (T1 enriched) crystal. 
Obtained from NRD Instrument Company, St* Louis, Missouri. 
Used to measure gamma activity of radioactive samples.
Counting Dishes. Stainless steel, one inch diameter, 
5/6 inch deep. Manufactured by Radiation Counter Labora­
tories, Skokie, Illinois. Used as containers for the 
radioisotope to be counted.
Dosimeters. Type 54l/A, direct reading, Nos. 07646 
and 07196, 0-200 rar. Manufactured by Victoreen Instrument 
Company, Cleveland, Ohio. Used to determine radiation 
dosage received by investigator.
Electrodialyzer. Laboratory Model, nWebcelllf, 3 work­
ing cells and 2 electrode cells with 2 carbon electrodes, 
each cell 5/l6 inch in thickness, constructed of acrylic 
plastic. Membrane and electrodes 154 square inches, four
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ion exchange membranes, two anion and two cation. Manu­
factured by and purchased from the Brosites Machine 
Company, Inc,, New York, N. Y. Used to electrodialyze 
solutions of radionuclides#
Electrodlalyzer. Constructed in Chemical Engineering 
Department Shop, Missouri School of Mines and Metallurgy, 
Rolla, Missouri. Built from sheet and 1 7/3 inch diameter 
cylinder of "Plexiglas”, acrylic plastic. Consists of 
three cells, each 1 l/4 inches in length and 17/3 inches 
in diameter. Each cell can accomodate fifty milliliters.
The electrodes are 9*7 square centimeters of platinum 
sheet. Used for eleetrodialyzing solutions of radionuclides.
Filter Paper. 11 cm paper. No. 539 , ash less than 
0.00007 gram. Manufactured by Carl Schleicher and Schull, 
Germany, Used to filter carrier precipitations.
Furnace. "Tempo", type 1400, Serial No. D9&39#
Model F-1310T, 230 volts (AC), 6*5 amp., 60 cycle. Manu­
factured by Thermo Electric Manufacturing Company, Dubuque, 
Iowa. Used to convert carrier salts to oxides.
Glassware. An assortment of standard glassware was 
used, including flasks, pipettes, funnels, crucibles, etc. 
Obtained from Quantitative Analysis Stockroom, Chemical 
Engineering Department, Missouri School of Mines and 
Metallurgy, Rolla, Missouri.
Heat Lamp. Infrared, type 7A-N, 110 volts, AC-DC,
2 amp. Manufactured by Prometheus Electric Corporation,
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New York, N. Y. Used to evaporate aqueous samples to 
dryness*
Oven* "Thelco”, Model 15, Serial No. N-l, Temper­
ature range to 150° C., 115 volts, 750 watts. Obtained 
from Precision Scientific Company, Chicago, Illinois.
Used to dry cesium carrier samples.
Plastic. fJPlexiglasw, acrylic plastic, sheet and 
tube manufactured by Rohm and Haas, Philadelphia, Pennsyl­
vania. Used to construct three cell electrodialyzer.
Platinum. Metal sheet. Obtained from Storeroom, 
Chemical Engineering Department, Missouri School of Mines 
and Metallurgy, Rolla, Missouri. Used as electrodes for 
the three-cell electrodialyzer.
Plastic Laboratory Equipment. An assortment of 
polyethylene graduated cylinders, centrifuge tubes, beakers, 
stirrers, bottles, etc., were obtained from Fisher Scien­
tific Company, Chicago, Illinois. Used for handling solu­
tions of hydrofluoric acid.
Power Source. D.C. Westinghouse Rectox rectifier, 
Serial No. 829400-A, 115 volts, 60 cycle, AC and 12 volts,
10 amp. DC, Manufactured by Westinghouse Electric Corpor­
ation, Pittsburgh, Pennsylvania. Used to provide the 
power for the ,fWebcellTf electrodialyzer.
Power Source. DC. MSM Property No. 13296, 3 volts, 
maximum amps unknown, constructed by Chemical Engineering 
Department, Missouri School of Mines and Metallurgy, Rolla,
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Missouri* Used to provide power for the three-cell 
electrodialyzer.
Scaler. Automatic scaler and precision rate meter, 
model B-lSOOR, maximum counting rate, 600,000 cpm, 105- 
125 volt, 5O76O cycle, 206 watts*' Manufactured by NRD 
Instrument Company, St* Louis, Missouri. Used to record 
activity of samples.
Scaler. Auto-count scaler, model 3-1602, MSM Pro­
perty No. 21631, 105 to 125 volt, 50-60 cycle, 100 watts. 
Maximum counting rate, 100*000 cpm. Manufactured by 
NRD Instrument Company, St. Louis, Missouri. Used to 
record activity of samples.
Scaler* Auto-count 3caler, model B-1601, MSM Pro­
perty No* 21640, 105 to 135 volts, 50-60 cycle, 100 watts. 
Maximum counting rate, 100,000 cpm. Manufactured by NRD 
Instrument Company, St. Louis, Missouri. Used to record 
activity of samples.
Stirrer. No. 1S&35, MSM Property No. 13310* 110 volts, 
50-60 cycle, 0*6 amp. Purchased from Central Scientific 
Company, Chicago, Illinois. Used to stir the middle cell 
of the three cell electrodialyzer during an experiment*
Shield* Lead well scintillation counter, MSM Property 
No. 21643# Manufactured by NRD Instrument Company,
St. Louis, Missouri. Used to shield counter from stray 
radiation. .
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Shield. Lead counter, M3M Property No. 21642. Manu­
factured by NRD Instrument Company, St. Louis, Missouri.
Used to shield counter from stray radiation.
Thermometer. Range 0-200° C, Obtained from stock- 
room, Chemical Engineering Department, Missouri School 
of Mines and Metallurgy, Rolla, Missouri. Used to measure 
the temperature of solutions.
Timer. Precision "Time-it", divisions to l/lO second, 
115 volts, 60 cycle, 5 watts. Manufactured by Precision 
Scientific Company, Chicago, Illinois. Used to determine 
flow rates through electrodialyzer.
Vials. Shell, 15 x 45 mm# short style. Manufactured 
by Kimble Glass Company, Toledo, Ohio. Used for liquid 
counting in well counter.
Voltmeter. DC. Model 2&0, No. 147^06, 0-30 volts. 
Manufactured by Weston Electric Instrument Corporation, 
Newark, New Jersey. Used to measure voltage across 
"Webcell" electrodialyzer.
Method of Procedure
The following procedure was used in performing the 
experimental work: (1) preparation of the acid solution 
at the desired normality, (2) assembling the electro­
dialyzer, (3) introduction of the radioisotope to be 
investigated into the solution, (4) preparation of standard
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sample to determine recovery, (5) electrodialyzing 
the solution, (6) withdrawing the solution from the 
cells, (7) sampling each solution to determine acti­
vity, (#) preparation of the solution for counting, 
including radiochemical separations if necessary,
(9) counting the prepared sample, and (10) calcula­
tion of radioisotope migration during electrodialysis.
Preparation of Acid Solution. The desired nitric 
acid concentration was obtained by diluting the required 
amount of concentrated nitric acid in a volumetric 
flask. The nitric acid was measured with a burette. The 
amount required was calculated from the specific gravity 
and concentration of the acid. The acid concentration 
in subsequent experiments was determined by titration 
with a standardized base. After diluting to the mark 
with distilled water, fifty milliliters were transferred 
by pipette to each cell of the three compartment electro- 
dialyzer. Preparation of hydrofluoric acid solutions 
differed slightly because of the use of plastic equipment. 
When using the five-compartment electrodialyzer, the acid 
solution was prepared and placed in the feed tank of the 
center cell.
Assembling the Electrodialyzer. The three cell 
electrodialyzer was assembled as shown in Figure 3*
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Figure 1. Slow Neutron Fission Yields 
of u235
Steinberg, E.P., and M.S. Freedman: Summary of Results 
of Fission-Yield Experiments, "Radiochemical Stud­
ies: The Fission Products'1, Book 3> Page 13^3• 
Edited by C.D. Coryell and Nathan Sugarraan, McGraw- 
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Figure 2. The Decay of "Biological" Beta Activity 
in a Batch of Mixed Fission Products*
Glueckauf, E.s Long-Term Aspect of Fission Product Dis 
posal, Proceedings of the International Conference 
on the Peaceful Uses of Atomic Energy, Vol. 9» 






Figure 3 The Three Compartment Electrodlalyzer.
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The assembled unit was held together with tractions.
New membranes were used for each experiment.
Figure 4 illustrates the membrane arrangement of 
the "Webcell” five compartment electrodialyzer. A 
rubber gasket was placed between each cell of the unit. 
The "Webcell" was not dismantled after each experiment, 
therefore no assembling was necessary before each deter­
mination.
Addition of Radioisotope. The radioisotope to be 
studied was transferred by pipette from the stock solu­
tion to the center cell of the three compartment ©lectro- 
dialyzer. Radioisotopes to be investigated with the 
five compartment "Webcell" were made a part of the feed 
solution before it was placed in the feed tank.
The stock solution of each fission product studied 
was prepared in a different manner. The method of pre­
paration will be discussed for each radioisotope.
Zirconium-Niobium Solution. The isotope, as 
received, was diluted with distilled water to a 
desired volume, usually ten milliliters. One milli­
liter of this solution was transferred to a flask 
containing distilled water and nitric acid. The 
resulting solution was boiled to destroy the oxalate 
complex. More concentrated nitric acid was added 
as needed. After cooling, enough nitric acid was 




















Figure *4-. The Five Compartment Electrodialyzer
acid after diluting to one liter with distilled 
water# The zirconium isotope was stored in two 
normal nitric acid solution to retard hydrolysis 
and radiocolloidal formation# Stock solutions 
prepared at later periods were stored in plastic 
containers to prevent the isotope from adhering 
to the walls of the glass containers.
Cerium-Praseodymium Solution. Two milliliters 
of the diluted isotope was transferred to a glass 
flask. Sufficient nitric acid was added to produce 
a two normal solution in nitric acid after dilution 
to one liter with distilled water. The solution 
was acidic to retard hydrolysis of the radioceriura.
Cesium-Barium Solution. Two milliliters of 
the diluted isotope was transferred to a flask. 
Distilled water was added to produce a one liter 
solution.
Preparation of Standard. In order to be certain that 
the radioactivity counted after electrodialysis represented 
the actual amount in each cell, the total recovery should 
be known. This was most important when the radioisotope 
has a tendency to adhere to the cell walls. Unless almost 
all of the radioisotope is removed from the cell and 
counted, an error will be introducted. To determine the 
recovery, a standard solution was prepared. The standard
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solution had the same concentration of radioisotope as 
the solution used in the experiment. A one milliliter 
sample of the standard solution was pipetted into a 
counting dish or placed in a vial* Proper techniques 
of evaporation and drying were followed* The two liter 
solution used as feed for the five cell "Webcell” was 
stirred and a one milliliter sample removed. This sam­
ple was dried in a counting dish or placed in a vial.
The standard was counted at the same time as the samples*
Slectrodialyzing. The electrodialysis was begun im­
mediately after the radioisotope was added. The middle 
cell of the three cell unit wa3 stirred during the electro- 
dialysis. In each instance, except when variation in cur­
rent density was investigated, the current density was 
one ampere* This corresponds to a current density of 
on© hundred and three milliamps per square centimeter for 
the three cell unit. The current was kept as constant at 
one ampere as was possible* , When the acid concentration 
in the cells became deficient, it was not possible to 
achieve one ampere with the present power sources. All 
experiments lasted two hours unless otherwise specified.
At the conclusion of the experiment, the solution was re­
moved from each cell.
Slectrodialyzing on a continuous, basis using the "Web- 
cell", differed from the three cell unit in few respects* 
The cathode wash solution, feed, and anode wash solution
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were continuously passed through the unit* The solution 
from each cell flowed into the individual collection 
tanks* This arrangement is illustrated in Figure 5. The 
solution’s flow rates were regulated with stopcocks. The 
feed’s flow rate was adjusted so that if cesium were the 
isotope investigated, it would be completely transferred 
into the cathode wash. This was done in order to obtain 
complete separation from cesium if the feed consisted of 
a mixture of two isotopes. Cesium was selected for this 
purpose since it was the most mobile isotope investigated.
The current density varied from one to five milliamps 
per square centimeter* The change resulted from the 
increase in the solution’s resistance as the acid was 
depleted. The anode and cathode wash consisted of 0.5 nor­
mal nitric acid.
Withdrawing Solution. At the end of the experiment, 
the solutions from the three working cells of the "WebcellT? 
were drained into the collection tanks. Additional solu­
tion was used to rinse the cells. This solution was also 
collected in the tanks.
The solutions from each cell of the three cell unit 
were withdrawn at the end of the experiment* Each solution 
was transferred to a one hundred milliliter flask. The 
unit was then dismantled and washed to remove radioactivity 
adhering to the membranes or cell walls. The wash solu­
tion was combined with the solution withdrawn earlier from
Collection Tanks
Figure 5* Arrangement for Continuous 
Electrodialysis with Five Cell "Webcell".
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the cell. The combined solutions were diluted to one 
hundred milliliters with distilled water.
The wash solution for cesium and cerium isotopes 
was distilled i^ater. To remove radiocolloidal zirconium, 
it was found that a dilute solution of hydrofluoric acid 
was most effective.
Sampling the Solution. After the solution and wash 
from each cell was thoroughly mixed, a sample v;as removed 
to determine activity. If only one radioisotope was 
present, a one milliliter sample was taken. A five 
milliliter sample was required for each isotope present 
if the solution investigated was a mixture. The larger 
sample was necessary because of the chemical processing 
required for a mixture of isotopes.
Sample Preparation. The one milliliter sample was 
either dried in a stainless steel counting dish under an 
infrared heat lamp, or placed in a glass vial. Samples 
in glass vials were counted with the gamma well scintil­
lation counter. The samples in the counting dishes were 
counted with Geiger-Muller tubes.
Solutions that contained more than one radioisotope 
had to be chemically processed to separate the isotopes. 
This type of processing involves the separation of radio- 
isotopes by chemical means using carrier solutions.
The procedure developed for each isotope studied is found 
in Appendix A. The radioactive carrier was transferred to 
a counting dish for counting.
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Radioactive Counting:, After each sample wa3 prepared, 
it was counted. The standard samples were counted at the 
same time as the samples. Beta activity was counted with 
Geiger-Muller tubes and gamma activity with a well scin­
tillation counter. The Geiger-Muller tubes employed a 
scaler, while the scintillation counter was connected to 
a count rate meter. The scintillation counter had a 
sodium iodide, thallium activated, well crystal. The scin­
tillation counter was operated at eleven hundred volts as 
prescribed by the manufacturer of the photomultiplier tube. 
The operating voltage for the Geiger-Muller counters was 
determined from the plateau curves. In all instances, the 
discriminator setting was ten and the scale factor was 
one hundred twenty-eight. The samples counted by Geiger- 
Muller tubes were placed on the second shelf of the shield. 
The samples counted by the scintillation counter were 
placed in the glass vials. Proper care was exercised to 
prevent contamination of the shields or scintillation 
counter.
Scintillation Counting, One milliliter of the 
sample to be counted was pipetted into a vial. After 
the background activity had been determined, the vial 
was placed in the well of the scintillation counter. 
After the count rate meter had achieved equilibrium, 
the activity was recorded in counts per second. This 
scheme was repeated until all samples had been counted.
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The probable error -was set at two per cent for all 
determinations* Solid samples were counted in the 
same manner*
Geiger-Muller Counting* After the background 
activity had been determined for a one hour period, 
the prepared samples v/ere counted. The samples were 
counted for either one hour or for a sufficient 
length of time to obtain a probable error of less 
than one per cent. All samples of an experiment 
were counted with the same counter and scaler to 
avoid corrections for geometry, dead time, and effi­
ciency.
Calculations. The two values determined for each 
experiment were the total recovery of radioisotopes and 
the relative proportions of radioactivity in each cell.
The total recovery was calculated as the combined activity 
from the cells compared to the standard sample. The rela­
tive proportion of radioactivity in each cell was calculated 
as the amount of radioactivity in each cell divided by the 
total recovery. Both total recovery and relative proportion 
were expressed in percentage.
Data and Results
The data and results obtained during the investigation 
are presented. Results which can best be described graphically
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are shown in Figures 6-16. The data used in preparing 
the curves are on the page preceding each figure. The 
technique used in obtaining the data was either counting 
radioisotopes in equilibrium or counting a sample prepared 
by carrier precipitation. All radioactivities are expressed 
on a one milliliter basis. The notation used in the tables, 
as evident from Figures 3 and 4, are as follows: Cell 1 - 
Cathode, Cell 2 - Middle or Center, and Cell 3 - Anode.
Single Radioisotope Counting. The results presented 
in Tables I-XV, Figures 6-16, were obtained by the electro­
dialysis of one radioisotope equilibrium mixture. The 
relative proportion in each cell and the recovery were 
determined by counting a sample of each solution. Some 
samples were counted through appropriate aluminum filters
to determine the activity of one radioisotope in the equi-
{21)librium mixture. The filter thickness wa3 calculated' ' 
or obtained from the literature.
Carrier Precipitation Counting. Determining the 
results when mixtures of radioisotopes were electrodialyzed, 
necessitated the use of carrier precipitations. After 
the chemical separation, the radioactive carrier was 
counted and the results calculated from the data. Tables 
XVII-XXI were based on data obtained by carrier precipi­
tations. Table XVI indicates the methods used to stand­
ardize the carriers.
Tables XVIII and XIX include data obtained by both 
methods. Data determined by counting a single radioisotope
- 56-
t a b l e I
The Effect of Nitric Acid on the Electro dialysis 






Cell 1 Cell 2 Cell 3
Recovery
Normal cps Per Cent Per Cent
0.25 lk. 56 21.1J- 70.8 7.8 96
0.25 19.1? 16.5 76 .^ 7.1 73
0.5 15.10 12.0 81.7 6.3 107
1.0 1^.95 12.5 81.5 6.0 91
1 .0 15.31 8 .8 85.9 5 .3 86
1.5 17.93 S.it 85.1 6.5 9k
1.5 lk.58 8.2 86.0 5.8 80
2*0 15.65 7.k 86.2 6.4 80
2*0 17.51 6.9 87.5 5.6 78
3.0 17.06 6.1 88.6 5*3 90
^,0 16.1^ 7.1 86.1 6.8 73
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Nitric Acid Concentration, Normal
Figure 6. The Effect of Acid Concentration 
on the Electrodialysis of Zlrconium-95 




The Effect of Nitric Acid on the Electro dialysis 
of Zlrconlupw95 through Permselective Membranes
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Nitric Acid Concentration! Normal
Figure 7. The Effect of Acid Concentration on 
the Electrodialysis of Zirconium-95 from 
the Middle Cell through Permselective Membranes.
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TABLE III
The Effect of Cellophane and Permselective 
Membranes on the Electro dialysis of Cesium-137
Relative Proportion in Each Cell Recovery
Cell 1 Cell 2 Cell 3
Per Cent Per Cent
Permselective 30.0 ?0,0 0*0 88
Cellophane 25.6 53.7 20.7 10^
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TABLE IV
The Effect of Nitric Acid on the ElectrodlalysIs 
of Ceslum-137 through Permselective Membranes





0.5 2 7.96 98.0






























Figure 8. The Effect of Acid Concentration 
on the Electrodialysis of Cesium-137, 


























Figure 9* A Comparison of the Electrodialysis 
of Zirconium-95 and Cesium-137 from the 
Middle Cell into Cathode Cell as 
a Function of Acid Concentration.
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TABIjE V
The Effect of Nitric Acid on the Electrodialys1a 






Cell 1 Cell 2 Cell 3
Recovery
Normal cps Per Cent Per Cent
0.5 216.0 99.0 0*9 0.1 96
o*5 93.0 96*4 2*3 0.8 95
1*0 216*0 67.3 32.7 0.0 95
2*0 7S1.0 31.9 68*0 0.1 96
4.0 93.0 12*1 86.8 1.1 98
TABLE VI
The Effect of HI trie Acid on the Electrodialysis 





„ —  _  Relative Proportion 
Activity in Cells 




Normal cps Per Cent Per Cent Per Cent
0.5 203.0 34.4 12.7 0.0 53.0 93
1.0 210.5 44.9 13.6 0.0 41.5 98
1.0 301.0 44.2 19.4 0.0 3 6.5 91
2.0 356.0 29.8 62.8 0.0 7.^ 95
2.0 197.73 30.0 59.5 0.0 10.5 91
4.0 202.0 6.5 90.2 0.0 3.2 9k
















Figure 10. The Effect of Nitric Acid Concentration on the 
Electrodialysis of Cerium-1^4 from the Middle Cell.
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TABLE VII
The Effect of Hydrofluoric Acid on the
wwmmuH*  mm* mittimmmmmmMttr***mimm****mmmtmfmjmm mu ht run . n 'nr Tinm— rm rtmmmm
Electrodialysis of Zirconium^5 through Cellophane
Hydrofluoric Standard Relative Proportion Recovery 
Acid Activity
Cell 1 Cell 2 Cell 3
Normal cps Per Cent Per Cent
1.0 19.19 2.1 23.3 74.6 94
1.0 20.93 0.7 22.5 76.8 75
2.0 16.17 0.6 23.7 75.7 77
2.0 14.89 ■ 0.7 17.6 81.7 74
3.0 14,90 1.3 36.6 62.1 70
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Figure 11. The Effect of Hydrofluoric Acid
Concentration on the Electrodialysis of
Zirconlum-95 through Cellophane Membranes.
TABLE VIII
The Effect of Hydrofluoric Acid on the Electrodialysis 
of Zirconium-95 through Permselective Membranes
Hydrofluoric Standard Relative Proportion Recovery 
Acid Activity
Cell 1 Cell 2 Cell 3
Normal cps Per Cent Per Cent
1*0 15.2? o*5 0*6 98.9 53





















Figure 12. The Effect of Hydrofluoric Acid
Concentration on the Electrodialysis
of Zirconium-95 through Permselective Membranes
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TABLE IX
Comparison of Electrodlalysls of Radioisotopes 




Cell 1 Cell 2 Cell 3
Recovery
cps Per Cent Per Cent
Zr95 -Mb95a m u 0.7 2.5, 96.8
Cs1 '^,-Ba137b 631 98.1 1.3 0.6 93
2 69 10.3 74.3 15.4 77
aValues obtained from Figure 12.
bSolutlon was two normal In HFf 0.32 normal In HNQ^.
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TABLE X
The Effect of Time on the Electro dialysis of
M n N H iw i i i i i  mmmmmmmmmmmw >  iw mwkuw w d w w M w m h w  i i n m r i i  11 i  i \ttat m m m & m m r n m m m m m m m m m m t m m m m m m m m
Zlroonlum-95 through Cellophane Membranes
«r » « ii»iir>rMiii<' « » i>' r fiin  .^ wfw» « rnw—M|iiiarmwijji'au.Bsi ■»  <wwbw» i— r »  <wi»i<ir»'wfriMiwi»*ww>^ >>*«ww<MW- w h w w m m m i m h h m m m i m m h m v




Cell 1 Cell 2 Cell 3
Recovery
Hours cps Per Cent Per Cent
o.5 15.12 3*1 95.^ 1.5 87
1*0 14.95 6 . 9 89.4 3.7 110
1.25 15*36 6.2 90.2 3.6 78
2.0 14.95 12*5 81.5 6.0 91
3.0 14.6? 17.0 75.0 8.0 98
3.o 12.31 17.5 74.0 8.5 80
4.0 15.11 22.2 13.2 100






















Figure 13# The^Ef^eot. of Time




The Effect of Time on the Electrodlalysis 
of Zlroonlutn-95 through Permselective Membranes 
in One Normal Nitric Acid
Time Standard Relative Proportion Recovery
Aotivity
Cell 1 Cell 2 Cell 3
Hours cps Per Cent Per Cent
1 18.97 9.2 ; 89.7 1.1 9a
2 19.76 10.5 89.0 0.6 90
18.9 7 28.3 67.2 89
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TABLE XII
The Effect of Time on the Electro dialysis of 
Cesium-137* Barium-137 through Permselective Membranes 




Cell 1 Cell 2 Cell 3
Becovery
Hours cps • Per Cent ■ • Per Cent
1 216.00 52*0 48.0 0 a
2 69*40 69.5 30.5 0 95
2 216.00 70.2 29.8 0 m —
3 216.00 92*8 7.2 0 —
216.00 99 *7 0.3 0 —



















Figure The Effect of Time on the Eleotrodial-
ysls of Cesium-137 and Zirconium-95 
into the Cathode Cell through Permselective Membranes.
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Figure 15. The Effect of Time on the 
Retention of Radioactivity in the 
Middle Cell using Permselective Membranes,
-7^-
TABLE XIII
The Effect of Current on the Eleotrodialysis 
of Zlroonlum-95 through Cellophane Membranes 
In One Normal Nitric Acid
Current Standard Relative Proportion Recovery
Activity
Cell 1 Cell 2 Cell 3
Amperes ops Per Cent • Per Cent
0.5 15.11 11.2 81.3 7.5 99
1.0 1 4 .9 5 12.5 81.5 6.0 9 1






















Figure 16. The Effect of Current on 
the Electrodialysis of Zlrconium-95 
through Cellophane Membranes.
TABLE XIV
The Electrodialysis of Selected Radioisotopes and Uranyl Nitrate 
In Neutral Solution with the "Webcell"
Radioisotope Standard
Activity
Plow Rate Relative Proportion 
Cell 1 Cell 2 Cell 3
Recovery
cps ml/10 min Per Cent Per Cent
C s l37_ B a l3? 5 3 . 3 36-78 99.2 0.8 0 .0 93
5 3 . 3 3 6 - k l 100*0 0.0 0*0 93
C e ^ - P r 1^ 128.8 46-53 99.8 0 . 1 0*1 106
Q elW ^p p lW 117.2 52 98.3 1.2 0 .5 113
Zr95 -Ut>95 67.3 53 8 k .5 13.2 2.3 88
Z r9 5 -Hb95 7^.3 53 8 k . 2 12.8 3.0 88




The Electro dialysis of Selected Badlolsotopes and Urany-1 Nitrate 
In 0*5 Normal Hydrofluoric Acid with the "Webcell"
Radioisotope Standard
Activity
Flow Rate Relative Proportion 
Cell 1 Cell 2 Cell 3
Recovery
cps ral/10 min Per Cent Per Cent
Zr95 -m>95a 201.** 73 10+3 2if.6 65.1 73
C e ^ - P r 1^ 156.5 1*9 2.0 8 6.7 11-3 116
Zr95 -Nb9^ 91.7 51 11*2 25.8 63.0 91
Bal37 217.0 1*0 98.5 1-5 o* 0 110
u o2(n o3)2 17.85 78 10.1* 88* 0 1.6 103
aDetermlnation In 1 normal HP*
TABLE XVI



















Cerium ( )h,Ce( SO^ )L> • 2 % 0 25 gas 
500 ml H20
Ammonium Oxalate 9.50°





aAverage of two determinations.
^Average of two determinations performed 
®Average of two determinations.
^Average of two determinations.
three months after first standardization.
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TABLE XVII
The Effect of Hi trio Aold on fche Bleotrodlalysl s 






Cell 1 Cell 2 Cell 3
Eecovory
Normal cps Per Cent Per Cent
0.46 l4l 99*6 0.4 0*0 ?5
0.48 * ** * * 98.5 0.4 m m
0.5 *** 99.5 0.5 0*0 ■mm
0.63 # > « 95*1 4.8 0*1 m m
1*0 225 69.0 31*0 0.0 99
1.38 103 60.9 39.1 0*0 104
— £54"*
TABLE XVIII
The Effect of Gamma Radiation on the Eleotrodialysis 






Cell 1 Cell 2 Cell 3
opm/ml Per Cent
Carrier Ppt 1.35 x 104 10.6 89.0 0.1*
Radiocounting 0 10.6 88.8 0.6




Preparation of Acid Depleted Solution 










Normal’ Hours Normal Per Cent
12.9 3 . 5 7.58 9 5
?.5 8 3*0 5.38 96
5*38 3*6 2.65 91
2.65 8 .0 0.316 80
TABLE XX
The Separation of Ceslum~137 from Zircon!um-95 in 
Hi trie Acid by One Electro dialysis Operation
Radioisotope Hitrie Acid Activity in Cellsa Fraction of Activity
Concentration in Each Cell
Initial Pinal Cell 1 Cell 2 Cell 3 Cell 1 Cell 2 Cell 3
Normal cps Per Cent
-CS137 189 14.1 0.3 82.6 6.9 4.1
Zr95
2.65 O.316
ko 188.0 7.0 17-^ 93.1 9 5 .9
determined by carrier precipitation.
TABLE XXI
The Separation of Ceslum~iy? from Zlrconlum-95 In 
Nitric Acid by Two Electrodlalysis Operations
Radioisotope Nitric Acid Activity in Cellsa Fraction of Activity
Concentration in Each Cell
Initial Final 
Normal
Cell 1 Cell 2 
cps




C s l37 20 5 1.3 0.2 9 9 .0 9*2 ^ .9




0 .5 8 0.04- 100 51 *8 20
z r 95  ° - ° 5 1 5 0.12 0.54 0.16 0 ^8.2 80
aDetermined by carrier precipitation.
- B C -
was designated as radiocounting; whereas, data obtained 
from counting carrier precipitations was termed carrier 
precipitation.
Sample Calculations
Single Radioisotope, Three Cell Electrodialyzer. The 
sample calculations of the relative proportion in each cell 
and the recovery are shown.
Relative Proportion in Cell, The relative propor­
tion in each cell was calculated in the following man­
ner, All activities were corrected for background 
activity.
Cell 1 45.93 cps
Cell 2 20.12 cps
Cell 3 0.04 cps
Sum of the activities in the cells: 66.09 cps 
Relative proportion in Cell Is
r .p . - 1 45gf^Tr°- = 69.55s
Recovery. The recovery of the radioisotope was 
calculated as the total activity in the cells divided 
by the standard.
Standard: 69.40 cps (corrected for background)
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Recovery «
Single Radioisotope, Five Cell wWebcellw. The sample 
calculations of the relative proportion in each cell and 
the recovery are shown.
Relative Proportion in Cell. The relative pro­
portion in each cell was calculated in the following 
manner. All activities were corrected for background 
activity.
Since the volume of each sample counted was dif­
ferent, the relative proportion was based on total 











Cell 1 2720 ml
Cell 2 390 ml
Cell 3 1400 ml
Cell 1 Wash 670 ml











Sum of Activity: 49,910 cps 
Relative proportion in Cell 1:
R»P. I^iS6011001 - 9»-«>
Recovery. The recovery of radioisotope was cal­
culated as the total activity recovered divided by the 
standard.












Sura of Recovered Activity: 99,310 cps
Recovery
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Mixed Radioisotopes. The sample calculations of the 
relative proportions and the recovery for mixed radioiso­
topes are shown.
Related Proportion in Cell, The relative pro­
portion in each cell was determined by carrier preci­
pitation, All activities were corrected for background 
activity.
The chemical recovery of carrier is determined 
as the quantity of carrier recovered divided by the 
quantity introduced into the solution.
Amount Introduced: Two milliliters of standard­
ized cesium carrier, 9*64 mg
Amount Recovered: A gravimetric recovery of
0,0272 gm of cesium tetra- 
phenyl boron
Recovery 0.0272(0.29395X100) _2(0.00432)
Gravimetric Factor: CsC3(G6H5 j4B
92.5$
0.29395
Activity of each sample:
Cell 1 163 cps 
Cell 2 8.2 cps 
Cell 3 0*2 cps
The relative proportion in each cell was obtained 
by dividing the activity in each cell by the sum of the 
activities.
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R.P. ■= - 95.1$
Recovery, The recovery was calculated in the 




The discussion is comprised of three parts: (1) dis­
cussion of results| (2) limitations, and (3) recommen­
dations.
Discussion of Results
The results of the investigation are discussed in the 
same order as the data were presented.
Effect of Nitric Acid Concentration. The effect which 
nitric acid has on the electrodialysis of radioisotopes was 
determined.
Zirconium-Niobium, The electrodialysis of the 
zirconium-95* niobium-95 mixture was investigated with 
cellophane and permselective membranes. Figures 6 
and 7 Indicate the similarity of the results. The perm< 
selective membranes prevented the migration of activity 
into the anode at nitric acid concentrations in excess 
of three normal. The activity migrating through cello­
phane membranes into the anode cell was substantially 
unaffected by changes in the acid concentration.
A similar situation was noted in the migration of 
activity into the cathode cell. In the concentration 
range of four normal to one-haIf normal, an activity
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increase of eight times was observed for permselec­
tive membranes, while cellophane membranes resulted 
in less than a two-fold increase. The cellophane 
membranes are not selective, and having large pore 
openings, allows zirconium migration at all acid 
concentrations. Cellophane membranes also allow the 
migration of uncharged particles.
The increase of cathode activity with a decrease 
of acid concentration may be a result of the selective 
properties of permselective membranes. At high acid 
concentrations the extremely mobile hydrogen ion 
predominates in the current carrying capacity of the 
solution. As the acid concentration is lowered, more 
of the radioisotope is involved in the electrical 
migration of ions. This was explained by Lister and 
McDonald^2 ^ in the following manner; f,As the acid 
strength increases, competition with the acid (ions) 
will result in less transference of zirconium for the 
same amount of the same zirconium ions in solution". 
The data indicate that both anion and cation complexes 
of zirconium exist in nitric acid solution. This is 
in agreement with the conclusions reached by other 
investigators. ^
Blectromigration experiments,^2  ^ i.e., no mem­
branes, using zirconium tracer resulted in the follow­
ing observations: (1) cation migration decreases
-95
with an increase in nitric acid, and (2) anion migra­
tion was erratic. The experimental results of this 
investigation substantiate the observation of cation 
migration, but did not indicate undue erraticalness 
in the anion migration. The more reproducible results 
of this investigation can be related in part to the 
use of membranes.
Any uncertainty in the values obtained in ex­
periments using zirconium-95 is not unique to this 
investigator. The results of experiments using tracer 
zirconium have been found to be frequently unpredict­
able, non reproducible,^*^ e r r a t i c , a n d  
confusing. Some investigators^ ^  have found
zirconium analysis results Trtoo erratic to make even 
an educated guess as to the trend”.
There was no fear that the zirconium would plate 
out on the cathode, since it is not reducible in 
aqueous s o l u t i o n s . A f t e r  a number of experiments, 
the electrodes were counted and no activity was found.
The radioactivity counted was that of a zirconium-95 
and niobium-95 mixture. The relative proportion of 
zirconium in each cell was determined by counting 
through a 19*3 milligram per square centimeter aluminum 
absorber. This absorbs the niobium beta radiation.
It was found that the relative proportions were 
the same, with or without the absorber in place. Later
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experiments were not counted through absorbers when 
it was discovered that the niobium activity behaved 
similar to the zirconium activity.
Cesium and Barium. The cesium-137 radioisotope 
in equilibrium with its daughter product, barium-137, 
was eiectrodialyzed through cellophane and permselec­
tive membranes. Cellophane membranes were found to 
be totally unsuitable because approximately equal 
amounts of radioactivity were found in both the anode 
and cathode cells. Since cesium or barium are not 
known to exist as an anion species in nitric acid, the 
activity in the anode cell, must have resulted from 
diffusion through the large pores of the nonselective 
cellophane. Table III is the result of identical 
experiments except for the membranes. $o activity was 
found in the anode cell when permselective membranes 
were used. Since it was impossible to obtain good 
separation with cellophane membranes, all work with 
this material was discontinued.
The effect of nitric acid concentration on the 
electrodialysis of cesium is shown in Figure 3. After 
the concentration of the mobile hydrogen ions is re­
duced, the cesium is almost completely removed from the 
center cell into the cathode compartment. The differ­
ence in the behavior of cesium and zirconium radio­
isotopes can be seen in Figure 9* The figure readily
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indicates that cesium and barium can be completely 
removed from zirconium with little contamination from 
the zirconium.
Barium. The solutions resulting from the elec- 
trodialysis of cesium and barium in nitric acid were 
counted with the gamma well scintillation counter.
This counts only the gamma activity of barium-137.
The electrodialysis of barium into the cathode cell, 
Table ¥, appears to be less than that of the cesium- 
barium mixture, Table IV. This would be expected since 
the diffusion coefficient barium is probably less than 
that of cesium. No definite statement concerning the 
apparent difference between the cesium-barium mixture 
and barium can be made because different scalers were 
used. The variations in scalers may have caused the 
difference.
Cerium-Praseodymium. The effect of nitric acid 
concentration on the electrodialysis of cerium and its 
daughter product, praseodymium, is shorn in Figure 10. 
At acid concentrations greater than two normal, the 
results were very similar to that obtained for the
icesium tracer. At concentrations of less than two 
normal nitric acid, however, much of the cerium was 
present on the cation membrane. A possible explanation 
is that the high charge on the Ce+  ^and Ce+if ions 
causes them to be attracted to the membrane network
and tightly bound to the ion exchange resin. This 
condition did not exist for the zirconium ions, prob­
ably because of their high degree of hydrolysis, 
which reduces the resultant charge.
The carrier-free cerium chloride, CeCl^, was used 
in most of the electrodialysis experiments. To deter­
mine if tho ionfs charge had an effect on its retention 
on the membrane, similar experiments were conducted 
with Ce+^ radioisotopes. The ion was obtained
by oxidizing the C©+  ^radioisotope with sodium bromate. 
Electrodialysis experiments using the oxidized cerium 
produced the same results as the lower valent cerium.
The activity counted v/as that of the cerium- 
praseodymium equilibrium mixture. The relative propor­
tion of praseodymium in each cell was determined by 
counting the samples through 139*5 milligram per square 
centimeter aluminum absorber. This absorbs the cerium 
beta radiation and allows the energetic praseodymium 
beta radiation to be counted.
Effect of Hydrofluoric Acid. Experiments concerning 
the electrodialysis of radioisotopes in varying concen­
trations of hydrofluoric acid were conducted. Cellophane 
and permselective membranes ware used in solutions varying 
from one to three normal hydrofluoric acid.
Figure 11 indicates that one-half to three-fourths of 
the zirconium-niobium activity was recovered in the anode
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cell using cellophane membranes. One disadvantage of the 
cellophane membranes was the small amount of activity pre­
sent in the cathode cell. The results using permselective 
membranes are shown in Figure 12. The permselective mem­
branes increased the rate of migration into the anode cell 
and reduced the activity in the cathode cell to1 almost zero. 
These data are in agreement with the results of the work 
done by Smith and Hill.^*^ They reported that the average 
ion species of zirconium in 0*009.molar hydrofluoric acid 
solution is Zrf0L'\. In higher acid concentrations, the 
species is predominantly ZrF6“.(34) Almost ninety-nine per 
cent of the zirconium-niobium activity was transferred into 
the anode compartments at a one normal concentration of 
hydrofluoric acid. Only one experiment could be performed 
at this concentration because the heat produced deformed 
the plastic unit. Another electrodialyzer was constructed 
to continue the work. A comparison of the electrodialysis 
of different radioisotopes in hydrofluoric acid is listed 
in Table IX. In order to reduce the heating effect, the 
experiments with cesium and cerium were conducted in two 
normal hydrofluoric acid and 0.32 normal nitric acid.
Effect of Time. The effect that the duration of elac- 
trodialysis has upon the migration of radioisotopes was 
studied. Figure 13 denotes the effect of time on the elec­
trodialysis of zirconium through cellophane membranes. The 
experiments were conducted in a one normal nitric acid
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solution. Tims or electrodialysis and acid concentration 
are related in that the increased electrodialysis time 
removes acid from solution, producing the same effect as 
a lower initial acid concentration. The transfer of 
zirconium tracer becomes appreciable only after the acid 
concentration is lowered.
Similar experiments, except for a change in membranes, 
are listed in Table XI. The permselective membranes re­
duced the activity present in* the a^node cell. Except for 
the reduction in anode activity, little difference was 
noted between the membranes as a function of time.
Figure 14 indicates that the separation of cesium and 
zirconium was possible by electrodialysis using permselec­
tive membranes. After eleetrodialyzing a cesium solution 
for four hours in one normal nitric acid, greater than 
ninety-nine per cent of the cesium originally present in 
the middle cell was transferred into the cathode cell.
The results depicted in Table XI indicates that for the 
same conditions, only twenty-eight per cent of the zirco­
nium had migrated into the cathode cell.
The complementary results of Figure 14 are shown on 
Figure 15. This graph reflects the effect of time on the 
retention of cesium and zirconium in the middle cell. A 
four hour experiment removes virtually all of the cesium 
and barium activity from the center cell, but retains 
sixty-seven per cent of the zirconium and niobium activity.
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The result is a zirconium and niobium mixture purified of 
virtually all cesium and barium radioisotopes*
The data for the cesium determination were obtained 
by withdrawing a one milliliter sample from each cell every 
hour and counting# This method could not be used for the 
zirconium experiments because of the tendency to adhere to 
the cell walls. Each value obtained for the zirconium 
experiments was the result of an individual determination.
Effect of Current Density and Temperature. The effect 
of temperature on the rate of electrodialysis could not be 
determined independent of the other variables. This condi­
tion was the consequence of not being able to control the 
temperature. The units had no provision for cooling coils 
and no method wa3 found for thermostating the entire unit. 
It was noted, however, that the temperature increased with 
a decrease in acid concentration* Behavior of this nature 
would be expected since the acid decrease results in an 
Increase of the resistance of the solution. The increased 
solution resistance causes the temperature to rise. The 
temperature observed at the end of the experiment with one 
normal hydrofluoric acid was in excess of ninety degrees 
centigrade.
Figure 16 points out the effect of current density on 
the electrodialysis of zirconium through cellophane mem­
branes. The electric current was varied over a range of 
four hundred per cent without materially affecting the
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transfer of zirconium from the middle cell. Similar 
experiments were not performed with permselective membranes. 
The ion transfer nature of these membranes would probably 
have been more affected by changes in current density than 
cellophane membranes.
Continuous Blectrodialysis with the "Webcell”, The 
five cell T!WebcQllft electrodialyzer was used to study the 
separation of radioisotopes at continuous flow conditions. 
The supposition that high acid concentration retards the 
migration of radioisotopes was verified with preliminary 
experiments* To increase the removal of ionic radioiso­
topes from the center cell, the feed solution was adjusted 
to neutrality before the experiment. The results of the 
experiments in Table XIV indicate that cesium and cerium 
can be almost totally removed from the feed solution. The 
lesser amounts of zirconium and uranium in Cell 1 can 
probably be attributed to colloidal properties and large 
ion size respectively.
There appeared to be little possibility of simple 
separation under these conditions. The experiments whose 
results appear in Table XIV were conducted using Nalco 
permselective membranes. These membranes were replaced with 
Permutit permselective membranes in the expectation of 
achieving more complete separation. The Permutit membranes 
were the type used in the three cell electrodialyzer. It 
was anticipated that the Permutit membranes would prevent
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the hydrostatic flow of solution through the membranes*
This behavior plagued the experiments using the Nalco mem­
branes* The only experiment performed with the Permutit 
membranes indicated that much better retention of cerium 
and zirconium in the center cell was possible*
The results of the continuous flow experiments in 
one-half normal hydrofluoric acid are shown in Table XV.
The results indicate that good separations can be achieved 
in this medium. The barium radioisotope, and consequently 
the cesium radioisotope, can be totally removed from the 
feed solution into the cathode compartment (Cell 1). The 
zirconium is predominantly recovered in Cell 3» while the 
cerium remains in the feed solution. The retention of 
cerium tracer in the feed is indicative of radiocolloidal 
behavior, Radiocolloidal cerium in hydrofluoric acid would 
be expected since radiocolloids should form if the macro­
scopic compound is insoluble. The result of the cerium
radioisotope experiment in hydrofluoric acid shown in 
Table IX, substantiates its existence as a radiocolloid.
This type of radiocolloidal formation should be expected 
of all rare earth fission products since all form insoluble 
fluorides. The formation of radiocolloidal rare earths in
/  Z  Z  \
fluoride solutions was postulated by Schubert and Conn.'
The zirconium radioactivity present in Cell 1, as 
indicated in Table XV, is probably the result of hydrostatic
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flow and not migration, since cation species of zirconium 
do not exist in one-half normal hydrofluoric acid. The 
use of the new Permutit membranes may eliminate this 
difficulty as little hydrostatic flow is observed through 
Permutit membranes.
Determination by Carrier Precipitation. Preliminary 
investigations indicated the possibility of causing separa­
tion of selected fission products by electrodialysis.
These experiments had used only one radioisotope at a time 
and the above conclusion was formulated from the results. 
Proof of the separation could be achieved only by the 
actual separation of a mixture of radioisotopes. Electro­
dialysis of a mixture of radioisotopes greatly complicated 
the calculation of the results. Counting the sample would 
only indicate the amount of the mixture present in each 
cell. Determining the fraction of each radioisotope present 
required the use of carrier precipitations. Carrier preci­
pitation is the term given to the process of isotopically 
removing the radioisotope from solution by precipitation.
The amount of radioactive matter present at tracer 
quantities is too small to exceed the solubility product 
of an "insoluble” compound. To exceed the solubility pro­
duct, it is necessary to add an inert compound containing 
the element to be removed. The element in the carrier and 
in the radioisotope must be of the identical chemical form.
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If the chemical forms arc different, conversion of all the 
material to a common species before precipitation is neces­
sary* The compounds used as carriers and the reagents used 
to standardize them are listed in Table XVI* The carriers 
were standardized by accepted p r o c e d u r e s . ^
The technique of carrier separation was developed 
while determining the effect of nitric acid on the electro- 
dialysis of cesium-137 in the presence of zirconium-95*
The results of these experiments are given in Table XVII.
The standard activity was the activity of the cesium-barium 
equilibrium mixture. The results obtained by carrier pre­
cipitation were the same as those values determined by 
counting the single radioisotope listed in Table IV. This 
agreement, within experimental error, indicated that the 
cesium carrier precipitation and the techniques developed 
were satisfactory.
Effect of Gamma Activity on Radiocolloids. After the 
carrier precipitation procedures had been developed, the 
effect of gamma radiation on the stability of radiocolloids 
was investigated. The electrodialysis of zirconium-95 in 
one normal nitric acid was performed. The previous day 
the same experiment had been conducted with only one 
exception. In addition to the zirconium in the center cell, 
there was placed 1.35 x 10^ counts per minute par milliliter 
of barium-137 radioisotope. The zirconium activity in each
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call was determined by carrier precipitation. The results 
in Table XVIII indicate that no noticeable difference was 
detected. Apparently! the amount of gamma activity used 
has little, if any, effect on the formation of radiocol- 
loidal zirconium. This is not to say that at higher levels 
of intensity that no effect would be observed.
Preparation of Acid Depleted Solutions. The effect on 
zirconium-95 of storage in strong acid solutions was investi­
gated. Some investigators^^*^ have reported that storage 
in ten normal hydrochloric acid causes tracer zirconium to 
become ionic. The results of the electrodialysis of zir­
conium-95 in strong acid solutions are given in Table XIX. 
Whether the zirconium was ionic or colloidal at the high 
acid concentrations could not be elucidated because of the 
predominance of hydrogen ions. The last experiment, ending 
at an acid concentration of 0.316 normal, indicated that the 
zirconium was present as a radiocolloid. The first three 
values of zirconium retained in the center cell \vere ob­
tained by counting the single radioisotope equilibrium 
mixture. The last value was determined by carrier precipi­
tation.
Separation of Cesium from Zirconium. After the carrier 
separation methods had been perfected, the separation of 
radioisotopes by electrodialysis could be attempted. The 
separation of cesium for zirconium in nitric acid was inves­
tigated. Table XX indicates the results of an eight hour
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electrodialysis of 2.65 normal nitric acid containing 
zirconium and cesium tracers* The amount of zirconiura-95 
placed in the center cell at the beginning of the experi­
ment exceeded the amount of cesium-137* The results show 
that over ninety-three per cent of the cesium originally 
present in the center coll was transferred to the cathode.
At the same time, less than eighteen per cent of the zir­
conium had migrated into Cell 1, The end result was that 
of the total activity present in Cell 1, more than eighty- 
two per cent was cesium, while ninety-three per cent of 
the activity in. Cell 2 resulted from zirconium* Since the 
cesium constituted less than one-half of the activity in 
the initial solution, the proportion of cesium to zirconium 
in Cell 1 was many times that of the initial solution. If 
the solution in Cell 1 was again electrodialyzed, the cesium 
in the resulting cathode cell should be nearly purified of 
zirconium.
Table XXI indicates the results of such an experiment. 
An approximate one-half normal nitric acid solution was 
electrodialyzed for two hours. The amount of zirconium 
tracer initially present in the center cell exceeded the 
amount of cesium. A nitric acid concentration of one-half 
normal was selected to obtain the best* possible separation. 
After electrodialyzing for two hours, the solutions were 
removed from the cells and samples taken for carrier
separation. The cell walls wore washed with dilute hydro­
fluoric acid, but the wash solutions were not added to 
those withdrawn from each cell. The solution that was 
removed from Cell 1 \vas placed into Cell 2 and electro- 
dialyzed for an additional two hours. At the end of the 
additional two hours, the solutions were removed from the 
cells. Each cell was washed as before and the washing 
added to the respective solution. The wash solution could 
not be added to Cell 1 after the first electrodialysis, 
because it would have interfered with the subsequent 
electrodialysis. ,
The activity of the wash solution from the first 
electrodialysis indicated that it contained about ona-half 
of the initial zirconium radioisotope. This was partly 
the reason for the low radioactivity of the carrier preci­
pitated samples of zirconium.
Table XXI indicates that after the first electrodialysis, 
ninety-nine per cent of the radioactivity in Cell 1 resulted 
from the cesium radioisotope. After the second electro- 
dialysis, the cesium in the cathode cell was nearly one 
hundred per cent radiochemically pure. The results indicate 
that over ninety per cent of the initial cesium radioisotope 
was recovered. Also of significance was the fact that the 
fluoride wash solution from the first electrodialysis 
contained one-half of the initial zirconium radioisotope 
virtually free from cesium contamination.
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Limitations
There were five limitations which could have affected 
the results*
Consistency of Membranes* In order to obtain repro­
ducible results, it was necessary that the membranes be 
of uniform composition. The membrane used for each experi­
ment was cut from a large sheet. If the sheet was not 
homogeneous, there would be a variation in the results.
Sampling the Solution. The samples to be counted were 
removed from the volumetric flasks with a pipette. Although 
the same pipette was used to measure all the samples, there 
exists the probability of a difference in the volume of 
each sample. A small error in the volume of a strongly 
radioactive sample would result in an error in the final 
result. The error, however, cannot be of a large magnitude 
since good reproduction was obtained when two samples of 
the same solution were prepared.
Preparation of Sample. The liquid samples were dried 
beneath an infrared heat lamp. It was not always possible 
to obtain an uniform layer in the counting dish. However, 
since the amount of material present is of tracer quantities, 
self-adsorption would be extremely small.
The solid samples, prepared by carrier precipitation, 
wore spread in as uniform layer as was possible. The
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preparation of an uniform layer of the solid material was 
not always possible.
Radiocounting. A limitation which could not be con­
trolled was the randouiness of radioactive disintegrations 
and the errors in counting radioactive samples. The stand­
ard deviation of the background activity was determined for 
two different scalers. The per cent of standard deviation 
that was calculated was 6.6 per cent and 7.3 per cent. 
Although the percentage seems excessive, it corresponds to 
a standard deviation of less than 0.02 counts per second. 
These results were calculated from forty-four determinations.
The standard deviation of samples counted varied from 
less than 0.5 per cent to 5 per cent depending upon the 
activity of the sample. The majority of the results had 
a standard deviation of less than one per cent.
The errors characteristic of radioactivity measure­
ments are listed by Overman and Clark.^6) ^he following 
are some of the sources of uncertainty common to the 
writers* investigation:
(1) Random disintegration process and, therefore,
. 1 ’• ' , , i ' 'S'- ' -
random emission of radiation.
(2) Failure of the detector to resolve events 
at high counting rates.
(3) Variation in performance of scaler due to 
changes in temperature, applied voltage and efficiency.
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(4) Variation in natural background activity 
during the course of the counting*
(5) Changes in the detectors (Geiger-Muller tube) 
due to aging*
(6) Erratic performance of electronic equipment 
and the mechanical register.
Current Density* The powar sources in the laboratory 
were not constant current devices and large changes in the 
resistance of the solution resulted in a change of current* 
These changes occurred most readily at low acid concentra­
tions* The current was kept as constant as was possible 
by increasing the power as the acid concentration changed. 
The change in current density did not affect the results 
obtained using cellophane membranes, but the effect upon 
permselective membranes is not known*
Recommendations
The results of the investigation indicate that val­
uable information could be obtained by extending the work. 
The separation of two troublesome fission products has been 
shown to be possible* Further investigations should be 
undertaken to separate other fission products. The elements 
studied should be those present at high concentrations after 
a reasonable time of storage. The fission products to be
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studied should include cesium, strontium, cerium, yttrium, 
zirconium, niobium,.ruthenium, and lanthanum.
Use of Separated Radioisotopes. The behavior of each
fission product should be studied without the interference 
of its equilibrium species. This can be done by chemically 
separating the radioisotopes before the experiment by 
carrier techniques. .
Continuous Electrodialysis. Experiments should be 
performed on a continuous basis using the new Permutit 
membranes in the nWebcellrf. The use of a pump to recycle 
the feed and cathode wash might circumvent the operational 
difficulties experienced by gravity flow methods.
Temperature Control. The construction of an elactro- 
dialyzer in which the temperature could be controlled would 
be of value. Investigations could be performed to discover 
the effect of temperature on radiocolloidal formation and 
on electrodialysis. Thermostated electrodialysers would 
also allow investigations in dilute hydrofluoric acid solu­
tions.
Determination of Diffusion Coefficients. If the rate 
of diffusion of each fission product through permselective 
membranes was known, calculations could be made to deter­
mine the number of membranes necessary to complete a 
desired separation. Using an electrodialyzer of fixed size, 
the time required for a given separation could be estimated.
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The determination of these values should be completed 
before large units are constructed.
Investigation of Other Membranes. After experiments 
are completed using the Malco and Permutit membranes, the 
use of other permselective membranes could be investigated. 
The additional determinations with Rohm and Haas and Ionics 
membranes would alloy/ a comparison to be made as to the 
most effective membrane. Preliminary investigations with 
new membranes should probably be done with the three cell 
units.
Use of Various Wash Solutions. The use of various 
solutions in the cathode and anode wash could be investi­
gated. Work done in the laboratory^ indicates that the 
use of a caustic solution in the anode of a three cell 
unit increases the removal of acid from the center cell.
This knowledge would be of value in preparing acid depleted 
solutions.
Electrodialysis of Three Fission Products. After pre­
liminary experiments using one and two fission products are 
finished, investigation.of the electrodialysis of three 
radioisotopes could be done. A valuable combination to 
study might be the cesium, cerium, and zirconium electro­
dialysis in hydrofluoric acid. Separation of the alkali 
metals and alkali earth metals from the rare earths and 
other fission products might constitute a major break-through 
in the problems of waste disposal and fission product usage.
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The Investigation of the olectrodialysis of selective, 
radioactive fission products resulted in the following con­
clusions*
Zirconium* The following statements concerning radio­
zirconium have been concluded from the experimental results:
(1) The behavior of radioactive zirconium during 
electrodialysis in nitric acid indicated that it 
existed as a radiocolloid. The concentration range
of nitric acid investigated was 0.25 to 4 normal*
(2) Eleetrodialyzing a solution to a final nor­
mality of less than one-tenth normal did not cause 
more than one-fourth of the zirconium radioisotope to 
migrate from the center cell#
(3) The radiocolloidal nature of zirconium was 
evidenced in experiments using either cellophane or 
permselective membranes.
(4) Investigations of radioactive zirconium in 
hydrofluoric acid indicate that it exists in solution 
totally as an anion species*
(5) Nearly one hundred per cent of the zirconium
activity in hydrofluoric acid can be removed from the 
center compartment into the anode cell#
V. CONCLUSIONS
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(6) In the range of gamma intensity investigated, 
there was little, if any, effect on the radiocolloidal 
formation of zirconium.
(7) The separation of zirconium activity obtained 
by carrier precipitations is valid, producing the same 
results as those obtained by counting the single radio­
isotope.
Cerium. The results obtained from the electrodialysis 
of cerium have led to the following conclusions:
(1) Radioisotopes of cerium do not exist as a 
radiocolloid in nitric acid concentrations of 0.5 nor­
mal to 4 normal.
(2) At low nitric acid concentrations, much of 
the cerium radioisotope was attached to the cation 
membrane during electrodialysis.
(3) The cerium attached to the cation membrane 
can be removed by subsequent electrodialysis in nitric 
acid.
(4) Cerium radioisotope exists in hydrofluoric 
acid as a radiocolloid. The hydrofluoric acid concen­
trations investigated were 0.5 and 1.0 normal.
Cesium. The experimental data obtained from the elec­
trodialysis of cesium have resulted in the following con­
clusions.
(i) Radiocesium exists only as a cation species 
in 0.5 to 4 normal nitric acid.
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(2) The cesium can be quantitatively transferred 
from the middle compartment to the cathode cell by 
electrodialysis with permselective membranes* This 
v/as accomplished by electrodialyzing a one-half nor­
mal nitric acid solution for two hours at a current 
density of 103 milliamps per square centimeters*
(3) The electrodialysis of cesium with cello­
phane membranes produced unsatisfactory results.
(4) Radiocesium exists as a cation species in 
0*5 normal and 1*0 normal hydrofluoric acid*
(5) The cesium radioisotope can be quantita­
tively transferred from the center compartment into 
the cathode cell when present in solutions of 0.5 nor­
mal and 1*0 normal hydrofluoric acid.
(6) The determinations of cesium activity by 
carrier precipitation are valid. The results are the 
same as those obtained by counting the single radio­
isotope.
General Conclusions* The following general conclusions 
can be made from the experimental results:
(1) Two successive treatments of a zirconium- 
cesium mixture by electrodialysis can produce a cesium 
radioisotope with a radiochemical purity greater than 
ninety-nine per cent*
(2) An electrodialysis of a one-half normal 
nitric acid solution for two hours at a current density
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of 103 milliarips per square centimeter can remove 
virtually all the cesium from the center cell. The 
zirconium remaining in Cell 2 has a resultant radio­
chemical purity of greater than ninety-nine per cent.
(3) Radiozirconium in nitric ,acid and radio- 
cerium in hydrofluoric acid exists predominantly as 
radiocolloids,
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The purpose of the investigation was to determine 
the extent of migration of selected radioactive fission 
products undergoing electrodialysis in various acid media* 
The migration of cesium and barium-137> cerium and praseo­
dymium-144, and zirconium and niobium-95 in varying con­
centrations of nitric acid and hydrofluoric acid was 
studied* The effect of time on the electrodialysis of 
zirconium and cesium in nitric acid was also studied. Tem­
perature and current density effects on the migration of 
zirconium during electrodialysis were investigated. The 
influence of cesium and barium radioisotopes on the migra­
tion of zirconium was determined. The investigation 
included a study of both cellophane and permselective mem­
branes. Experiments were conducted to study migration 
during both batch and continuous operation.
The results of the investigation led to the following 
conclusions:
(1) Eadiosirconium in nitric acid and radiocerium 
in hydrofluoric acid exists predominantly as radio­
colloids.
(2) Two successive electrodialysis of a zirco­
nium-cesium mixture results in a cesium radioisotope
VI. SUMMARY
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with a radiochemical purity greater than ninety- 
nine per cent.
(3) ‘The electrodialysis of a zirconium-cesium 
mixture under the proper conditions results in a 
zirconium radioisotope that is purified of the cesium 
radioisotope.
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